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INTRODUCTION 


HE continued research effort in the microwave 
[es is reflected by the number of papers, which 
is as great as in any previous year. The single 
topic attracting the largest number of contributions 
has been that of waveguides for long-distance communi- 
cation. This is partly the result of a very successful 
International Convention organized by the Institution 
_of Electrical Engineers in London during January, 1959. 
To some extent it also indicates the amount of work 
which has been proceeding during the last few years 
and which now suggests that operational waveguide 
communication links may be in service within the fore- 
seeable future. 

Waveguides of the more conventional type have not 
been neglected, and the papers listed indicate a steady 
improvement in component design, methods of manu- 
facture, and techniques of measurement. A somewhat 
surprising impression is given by the relatively small 
number of papers on solid-state microwave devices: 
this is certainly not representative of the effort devoted 
to this topic at present, and it is likely that there will be 
a marked increase in this number during the next year. 
Progress in microwave tube design and in microwave 
measurement techniques also continues. 


1. TRANSMISSION LINES AND WAVEGUIDES 


In this section the properties of structures capable of 
transmitting electromagnetic waves are considered. 
During the period under review, papers have appeared 
on strip lines, waveguides operating with only one propa- 
gating mode, multimode waveguides, and artificial di- 
electrics. 


1.1 TEM Lines 


No original material has been published, but a useful 
survey of the properties of strip lines has appeared. This 
contains information on the basic properties of strip 
lines and on the design and manufacture of strip-line 
components and of transducers to waveguides or coaxial 
lines. 


[1] A. F. Harvey, “Parallel plate transmission systems for micro- 
wave frequencies,” Proc. IEE, vol. 106, pt. B, pp. 129-140; 
March, 1959, 


1.2 Waveguides 


The efforts made during the last few years to develop 
multimode waveguides for long-distance communication 
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have been widely publicized as a result of the Conven- 
tion referred to in the Introduction. The papers pre- 
sented at this Convention have been published in Sup- 
plement No. 13 of volume 106, part B of the Proceedings 
of the Institution of Electrical Engineers and will be dis- 
cussed in appropriate sections of this article. (This 
issue will be referred to throughout as [EE suppl. no. 
13 B.) An authoritative review of this topic has been 
given by Prof. H. M. Barlow in this supplement, and 
other review articles have also appeared. 
[2] H. M. Barlow, “Introductory survey,” IEE suppl. no. 13 B, pp. 
il=teys 
[3] H. M. Barlow, “Long-distance transmission by waveguide,” 
Brit. Commun. & Electronics, vol. 6, pp. 92-95; February, 1959. 
[4] F. J. D. Taylor, “GPO interest in long distance transmission by 
waveguide,” zbid., p. 96. 
[5] L. Lewin, “A long distance waveguide telecommunication sys- 
tem,” ibid., pp. 97-100. 
[6] A. E. Karbowiak, “Assessment of waveguide performance as a 
long-distance transmission medium,” ibid., pp. 168-186. See also 
Electronic Engrg., vol. 31, pp. 520-525; September, 1959. 


[7] F. J. D. Taylor, “Some views on system application,” IEE 
suppl. no. 13 B, pp. 186-187. 


Propagation in overmoded waveguides is complicated 
by mode conversion, which can lead to the distortion of 
information, and experimental and theoretical results 
are reported for several types of low-loss guide. 

[8] A. E. Karbowiak, “Distortion of information in non-uniform 
multimode waveguide,” IEE suppl. no. 13 B, pp. 9-16. 

[9] A. E. Karbowiak and V. H. Knight, “An experimental investiga- 
tion of waveguide for long distance communication,” zbid., pp. 
17-29. 

[10] H. E. Rowe and W. D. Warters, “Transmission deviations in 
waveguide due to mode conversion: theory and experiment,” 
ibid., pp. 30-36. 

[11] H. Larsen, “Delay distortion and equalization in Hyp waveguides 
for long range communication,” zbid., pp. 188-194. 


A general analysis of the behavior of waveguides of 
arbitrary cross section has been carried out. 


[12] G. Reiter, “Generalised telegraphist’s equation for waveguides 
of varying cross-section,” ibid., pp. 54-57. 
Further results on the H guide and new improved 
forms of this guide were reported. 


[13] F. J. Tischer, “Properties of the H-guide at microwave and milli- 
metre-wave regions,” zbid., pp. 47-53. 


The properties of a waveguide consisting of spaced 
conducting disks with circular holes are claimed to 
compare favorably with those of solid guides. 


[14] A. W. Gent, “The attention and propagation factor of spaced- 
disc circular waveguide,” ibid., pp. 37-46. 


There is now general agreement that the most prom- 
ising available waveguide for long-distance communica- 
tion is that formed from a helical conductor covered by 
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a suitable insulating jacket. Detailed information on the 
design theory, properties, and methods of manufacture 
of such a guide has been given. 


[15] H. G. Unger, “Helix waveguide design,” zbid., pp. 151-155. 

[16] G. Piefke, “The influence of helix wire diameter on the modes in 
helix waveguide,” zbid., pp. 110-118. 

[17] L. Lewin, “Winding and jointing helical wound waveguide,” 
ibid., pp. 156-158. 

[18] A. C. Beck and C. F. P. Rose, “Waveguide for circular electric 
mode transmission,” zbid., pp. 159-162. 


1.3 Surface Waves 


Surface waves offer an alternative method of long- 
distance communication, and the experience gained 
from an operational system has been reviewed. 


[19] G. Goubau, “Some characteristics of surface wave transmission 
lines for long distance transmission,” ibid., pp. 166-167. 


Theoretical and experimental results are given for 
several types of reactive surface. 
[20] K. P. Sharma, “The estimation of the reactance of a loss free 


surface supporting surface waves,” Proc. IEE, vol. 106, pt. B, 
pp. 427-430; July, 1959. 


A disadvantage of surface waves is the possible con- 
version of power to radiation, this being the equivalent 
of the excitation of unwanted modes in overmoded 
guide. Two aspects of this have been investigated, the 
first dealing with discontinuities such as changes in re- 
actance or the presence of conductors in the path of the 
wave, and the second with the effect of curvature in the 
reactive surface supporting the wave. 


[21] K. P. Sharma, “An investigation of the excitation of radiation by 
surface waves,” Proc. IEE, vol. 106, pt. B, pp. 116-122; March, 
1959. 

[22] H. M. Barlow, “The power radiated by a surface wave circulat- 
ing around a cylindrical surface,” ibid., pp. 180-185. 


Interest in methods of launching surface waves con- 
tinues and studies of slot launchers for both radial sur- 
face waves and single wire lines have been made. It is 
pointed out that although slot launchers can have a 
high launching efficiency, there is an inevitable restric- 
tion on the bandwidth of operation. A comparison is 
made with supergain antennas. 


[23] J. Brown and K. P. Sharma, “The launching of radial cylindrical 
surface waves by a circumferential slot,” 2bzd., pp. 123-128. 

[24] J. Brown and H. S. Stachera, “Annular slot launchers for single- 
conductor transmission lines,” IEE suppl. no. 13 B, pp. 143-145. 


An instructive comparison of problems involving 
surface waves, Cerenkov radiation, diffraction, and 
neutron scattering draws attention to the essential unity 
of the theoretical treatments. 


[25] J. D. Lawson, “Electromagnetic wave problems,” Electronic and 
Radio Engr., vol. 36, pp. 332-338; September, 1959. 


1.4. Artificial Dielectrics 


Further results on the properties of artificial dielec- 
trics have been presented and the possible. use of these 
materials in dispersive prisms for frequency scanning 
and in radomes as low reflection materials is discussed. 


[26] J. S. Seeley and J. Brown, “The use of dispersive artificial di- 
electrics in a beam scanning prism,” Proc. IEE, vol. 106, pt. B, 
pp. 93-102; March, 1959, 
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[27] J. S. Seeley, “The quarter wave matching of dispersive mate- 
rials,” zbid., pp. 103-106. 

[28] A. Carne and J. Brown, “Theory of reflections for the rodded- 
type artificial dielectric,” ibid., pp. 107-115. 


2. WAVEGUIDE COMPONENTS 


Work in components is largely directed to increasing 
the bandwidth over which satisfactory operation can be 
achieved, and to improving methods of manufacture. 
Tchebycheff functions have been used in the design of 
several waveguide components such as directional 
couplers and filters, and a guide to the use of such func- 
tions has been prepared. A useful bandwidth improve- 
ment can be obtained. 


[29] R. Levy, “A guide to the practical application of Chebyshev 
functions to the design of microwave components,” Proc. IEE, 
vol. 106, pt. C, pp. 193-199; September, 1959. 


A stepped-waveguide transition between two rec- 
tangular waveguides of different cross section has been 
designed with steps in both guide height and width. 
The design and performance of such a transition con- 
necting no. 11 and no. 12 waveguides is discussed, satis- 
factory results being achieved over the frequency range 
3.7-4.3 gigacycles (gc). 

[30] D. Wray, “Frequency compensation for simple stepped wave- 
guide transforming sections,” Electronic Engrg., vol, 31, pp» /6— 
79; February, 1959. 

The position of the short circuits on the arms of a 
hybrid junction used as a duplexer has been examined 
with a view to optimizing the bandwidth of operation. 


[31] R. Levy, “Hybrid junctions,” Electronic & Radio Engr., vol. 
36, pp. 308-312; August, 1959. 


An interference-type two-hole directional coupler 
can be tuned by dielectric phase shifters between the 
coupling holes to give perfect directivity at any wave- 
length within a wide frequency range. Design details 
have been given. 

[32] W. G. Voss, “Modified two-hole directional coupler,” Electronic 
& Radio Engr., vol. 36, p. 28; January, 1959. 

The properties of waveguide switches of mechanical 
types have been compared with those using discharge 
tubes and ferrites. 

[33] J. W. Sutherland, “Waveguide switches and branching net- 
works,” Electronic Engrg., vol. 31, pp. 64-65; February, 1959. 

Improvements in the design of cavity resonators 
which have been reported include the reduction of the 
effects of spurious modes in TEo1, resonators and an in- 
crease in the tuning range of TEn, wavemeters for use in 
J and K bands. 


[34] A. Cunliffe and R. N. Gould, “High Q echo boxes,” Electronic & 
Radio Engr., vol. 36, pp. 29-33; January, 1959. 

[35] P. Andrews, “The design of broadband circular wavemeters,” 
Brit. Commun. & Electronics, vol. 6, pp. 354-357; May, 1959. 


The tuning range of X-band cavities designed for use 
with plug in klystrons has been increased to 30 per 


cent. 


[36] R. Mather and J. Sharpe, “Wide range tuning cavities for reflex 
klystrons,” Electronic Engrg., vol. 31, pp. 390-393; July, 1959. 
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A simple acid-copper electroforming process suitable 
for laboratory use has been developed. Investment cast- 
ing from frozen mercury patterns has proved to be suit- 
able for the manufacture of components of normal com- 
mercial performance at frequencies around 10 gc. 


[37] P. Andrews, “The electroforming of waveguide components,” 
Electronic Engrg., vol. 31, pp. 150-153; March, 1959. 

[38] H. H. Scholfield, H. H. H. Green, and R. E. Gossett, “Manu- 
facture of waveguide parts by investment casting from frozen 
mercury patterns,” Proc. IEE, vol. 106, pt. B, pp. 431-434; 
July, 1959, 


The development of the TEo: mode for long-distance 
communication has created the need for components 
designed for circular guides operating in this mode. 
Two new types of transducers which couple from rec- 
tangular guide to the TE»; mode in circular guide have 
been developed for operation at frequencies around 30 
gc. The first uses slot coupling from a rectangular guide 
inserted along the axis of the circular guide and a band- 
width of 2 gc has been achieved. The second, which is 
designed specifically for narrow-band use, has the rec- 
tangular guide wrapped around the circumference of the 
circular guide, slot coupling again being used: the band- 
width obtained using 46 slots is of the order of 50 mc. 


[39] B. Oguchi and K. Yamaguchi, “Centre-excited type of rec- 
tangular TE to circular TEm mode transducer,” IEE Suppl. 
no. 13 B, pp. 132-137. 

[40] Y. Klinger and L. Lewin, “Channel insertion feed,” zbid., pp. 
138-142. 


Attention has also been given to transducers coupling 
circular guides of different radii, when both guides sup- 
port the TE ; mode. The problem is to avoid conversion 
to other modes, and solutions involving either tapers or 
steps have been proposed. 


[41] L. Solymar, “Design of a two-section conical taper in circular 
waveguide system supporting the Ho: mode,” zbid., pp. 119-120. 

[42] L. Solymar, “Monotonic multi-section tapers for overmoded 
circular waveguides,” ibid., pp. 121-128. 

[43] L. Solymar, “Step transducers between over-moded circular 
waveguides,” zbid., pp. 129-131. 


Estimates have been made of the transmitted mode 
amplitudes when a circular waveguide with an incident 
TEo: mode is connected to a guide whose cross section 
differs slightly from circular. 


[44] L. Solymar, “Over-moded waveguides,” Electronic & Radio 
Eng., vol. 36, pp. 426-428; November, 1959. 


It has been suggested that overmoded rectangular 
waveguides may be useful at millimetric wavelengths, 
and the problem of mode conversion again arises. Re- 
sults have been derived for a pyramidal taper connect- 
ing two rectangular waveguides of different cross 
sections. 


[45] L. : Solymar, “Mode conversion in pyramidal-tapered wave- 
guides,” Electronic & Radio Engr., vol. 36, pp. 461-463; Decem- 
ber, 1959. 


The possible excitation of unwanted modes at bends 
in a low-loss waveguide is one of the most difficult prob- 
lems to be overcome, and several ingenious suggestions 
have been made. Two main lines of attack are being 
used. The first relies on modifying the surface reactance 
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of the guide wall to inhibit the excitation of the un- 
wanted modes and a general discussion of this possibility 
has been given. Results have been given for one particu- 
lar configuration. The helix guide can also be considered 
from this point of view, and experimental values for the 
performance of a bend have been provided. Further in- 
formation on bends will be found in several of the papers 
listed in Section 1.2. 


[46] H. M. Barlow, “A method of changing the dominant mode ina 
hollow metal waveguide and its application to bends,” IEE 
suppl. no. 13 B, pp. 100-105. 

[47] P. Marie, “A bend for TEs mode propagated in circular wave- 
guide,” zbid., pp. 108-109. 

[48] M. Thue, J. Bendayan, and G. Comte, “Researches on trans- 
mission of TE: waves in circular waveguides in the vicinity of 
25 and 35 gc/s,” ibid., pp. 94-97. 


The second line of attack is to introduce an inhomo- 
geneous dielectric into the waveguide with the object of 
preserving the field pattern of the wanted mode as it 
propagates around the bend. 


[49] H. M. Barlow and D. C. Rickard, “Experiments on circular Hy 
wave propagation in a curved waveguide filled with an inho- 
mogeneous dielectric,” zbid., pp. 106-107. 


3. SOLID-STATE DEVICES 


The only papers published during 1959 on maser and 
mavar devices have been theoretical. The first gives a 
unified treatment of the noise properties of maser and 
mavar amplifiers by using the concepts of negative 
temperature and negative quality factor. 

[50] E. D. Farmer, “The noise and gain properties of molecular and 


parametric amplifiers,” J. Electronics & Control, vol. 7, pp. 214- 
232; September, 1959. 


The effect of the series resistance of a variable capac- 
ity semiconductor diode on the performance of a vari- 
able reactance amplifier has been analyzed. 


[51] P. Bobish and C. Sondhauss, “Einfluss des zeitabhangigen Serien- 
Wirkwiderstandes einer Kapazitatsdiode beim Mavar-Aufwarts 
mischer,” J. Electronics & Control, vol. 7, pp. 344-366; October 
1959. 


Ferrite devices continue to attract considerable at- 
tention and progress has been reported in several direc- 
tions. Further theoretical contributions on the proper- 
ties of circular waveguides containing ferrites have ap- 
peared and the behavior at the interface between an 
empty rectangular waveguide and one completely filled 
with a ferrite has been analyzed. 

[52] P. J. B. Clarricoats, “A perturbation method for circular wave- 
guides containing ferrites,” Proc. IEE, vol. 106, pt. B, pp. 335— 
340; May, 1959. 

[53] R. A. Waldron, “Theory of mode spectra of cylindrical wave- 


guides containing gyromagnetic media,” J. Brit, IRE, vol. 19 
pp. 347-356; June, 1959. : 
[54] L. Lewin, “A ferrite boundary value problem in a rectangular 
igi Ree Proc. IEE, vol. 106, pt. B, pp. 559-563; November, 


A ferrite modulator, using Faraday rotation, has been 
designed to operate at high modulation frequencies. 
When used as a single-sideband modulator at X band, 
this device gives an output which is not more than 20 
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db below the input signal for modulation frequencies up 
to 10 mc. 


ISSA IE Morris, “Microwave ferrite modulator for high modulation 
frequencies,” J. Brit. TRE, vol. 19, pp. 117-129; February, 1959, 


The performance of a ferrite mixer has been analyzed 
and the conversion efficiency is shown to be 14 db worse 
than a conventional crystal mixer. 


[56] L. Lewin, “The efficiency of ferrite as a microwave mixer,” 
Proc. IEE, vol. 106, pt. C, pp. 153-157; September, 1959. 


The possibility of using a ferrite rod in a circular 
waveguide as the basis of a traveling-wave amplifier has 
been examined theoretically. It is concluded that pulsed 
operation is necessary and that gains of up to 3 db/inch 
may then be obtained at X band, the bandwidth being 
of the order of 100 mc. 

([57] P. J. B. Clarricoats, “The gain of travelling wave ferromagnetic 


amplifiers,” Proc. IEE, vol. 106, pt. C, pp. 165-173; September, 
1959. 


4, MICROWAVE ELECTRONICS 


The emphasis has been on theoretical work designed 
to facilitate the construction of oscillators with higher 
power outputs and amplifiers with improved noise per- 
formance. 

Expressions for the plasma frequency reduction fac- 
tors in space charge waves have been obtained. 


[58] D. H. Trevena, “On space charge waves,” J. Electronics & Con- 
trol, vol. 6, pp. 50-64; January, 1959. See also comments by 
R. H. C. Newton, zbid., pp. 321-324; April, 1959. 


An analysis of the effects of collisions on space charge 
waves has been made and leads to suggestions for re- 
ducing the noise in beam-type tubes and for measuring 
the collision frequency in a plasma. 


[59] S. V. Yadavalli, “Collision damping of space charge waves in a 
plasma,” J. Electronics & Control, vol. 7, pp. 261-267; Septem- 
ber, 1959. 


Further theoretical studies of coupling systems have 


been made. 


[60] T. S. Chen, “Design and performance of coupled-helix trans- 
ducers for travelling wave tubes,” J. Electronics & Control, vol. 6, 
pp. 289-306; April, 1959. 

[61] A. Ashkin, W. H. Louisell, and C. F. Quate, “Fast wave couplers 
for longitudinal beam parametric amplifiers,” J. Electronics & 
Control, vol. 7, pp. 1-32; July, 1959. 


A comparison of theoretical and experimental results 
on multistart helices intended for use in high-power 
traveling-wave tubes has been made. 


[62] G. W. Buckley and J. Gunson, “Theory and behavior of helix 
structures for a high power pulsed travelling wave tube,” Proc. 
IEE, vol. 106, pt. 5, pp. 478-486; September, 1959. 


A method of focusing sheet beams by a periodic ar- 
rangement of magnetic fields has been suggested. This 
has possible applications in fast-wave traveling-wave 
tubes. 


63] P. A. Sturrock, “Magnetic deflection focussing,” J. Electronics 
& Control, vol. 7, pp. 162-168; August, 1959. 


A traveling-wave tube using a clover-leaf slow wave 
structure and a ferrite isolator has been shown to give an 


output power of 1 kw at X band. The gain is 22 db and 
the tube can be tuned over a 6 per cent range of 
frequency. 

[64] M. O. Bryant, J. F. Gittens, and F. Wray, “An experimental 


C.W. power travelling wave tube,” J. Electronics & Control, 
vol. 6, pp. 113-129; February, 1959. 


The advantages of using a double tuned output cir- 
cuit on a multicavity klystron have been demonstrated 
on an S-band tube. A power output of 2 Mw, for an in- 
put power of 25 watts and a beam power of 10 Mw, has 
been achieved over a 5.5 per cent frequency range. 


[65] H. J. Curnow and L. E. S. Mathias, “A multi-cavity klystron 
with double tuned output circuit,” Proc. TEE, vol. 106, pt. B, 
pp. 487-488; September, 1959. 


The performance of a magnetron tuned by a wave- 
guide has been examined. An equivalent circuit for the 
magnetron has been deduced from the form of the input 
admittance characteristic and has been used to predict 
the operating frequency as a function of the length of 
the tuning waveguide. Good agreement with measured 
values is reported. 


[66] T. S. Chen, “Tuning and the equivalent circuit of multi-reso- 
nator magnetrons,” J. Electronics & Control, vol. 7, pp. 33-51; 
July, 1959. 

The cross-modulation which can arise in a frequency- 
modulated klystron as a result of frequency pulling has 
been examined theoretically. An idealized Rieke dia- 
gram is assumed and numerical results are given for the 
second and third harmonics produced. 


[67] D. T. Gjessing, “A simple investigation of the cross-modulation 
distortion arising from the pulling effect in a frequency modu- 
lated klystron,” Proc. IEE, vol. 106, pt. B, pp. 473-477; 
September, 1959. 

A theoretical study of an electron beam parametric 
amplifier shows that the Manley-Rowe relations are 
satisfied. 


[68] W. H. Louisell, “A three-frequency electron beam parametric 
amplifier and frequency converter,” J. Electronics & Control, 
vol. 6, pp. 1-25; January, 1959. 


A survey of particle accelerators has been prepared. 


[69] A. F. Harvey, “Radio-frequency aspects of electronuclear ac- 
celerators,” Proc. IEE, vol. 106, pt. B, pp. 43-57; January, 1959. 


5. MEASUREMENTS 


Progress continues in improving measurement tech- 
niques for conventional waveguide systems and in de- 
veloping methods for the rapid assessment of component 
performance. The interest in low-loss waveguides has 
shown the need for measurement techniques which are 
suitable for use in multimode guides and are capable of 
measuring very low attenuation. 


5.1. Standing-Wave Measurements 


Two new automatic standing-wave plotters have been 
developed. The first is based on a rotary standing-wave 
indicator, the need for mechanical rotation of the crystal 
detector being eliminated by the use of a ferrite polariza- 
tion rotator. The VSWR is displayed directly on a 
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meter. The second uses directional couplers, the signal 
being provided by a backward-wave oscillator which 
can be swept over the frequency range 7.5-11.0 gc. A 
cathode-ray tube presentation gives a plot of reflection 
coefficient against frequency. 


[70] E. Laverick and J. Welsh, “An automatic standing wave indi” 
cator for the 3 cm band,” J. Brit. IRE, vol. 19, pp. 253-262: 
April, 1959. 

[71] J. C. Dix and M. Sherry, “A microwave reflectometer display 
system,” Electronic Engrg., vol. 31, pp. 24-29; January, 1959. 


A reflectometer has been designed for use with strip 
lines in the frequency range 40-100 me. 


[72] G. H. Millard, “Triple V.H.F., reflectometer,” Electronic and 
Radio Engrg., vol. 36, pp. 11-13; January, 1959. 


The reciprocity theorem has been applied to the 
problem of standing wave measurements and it is shown 
that there may be advantages in interchanging the oscil- 
lator and detector. 


[73] G. D. Monteath, “Reciprocity in R.F. measurements,” Elec- 
tronic & Radio Engr., vol. 36, pp. 18-20; January, 1959. 


Waveguide circuits which are made in integral form 
cannot be tested by using conventional standing-wave 
indicators. A specially designed plug-in reflectometer 
overcomes this difficulty. 

[74] G. Craven and V. H. Knight, “The design and testing of inte- 


grally constructed waveguide assemblies,” Proc. IEE, vol. 106, 
pt. B, pp. 321-334; May, 1959. 


Various problems related to standing-wave measure- 
ments have been discussed. 
[75] J. R. G. Twistleton, “The transformation of admittance through 
a matching section and lossless waveguide junction,” Proc. IEE, 
vol. 106, pt. B, pp. 175-179; March, 1959. 


[76] L. Lewin, “Phase measurements through tapered junctions,” 
Proc. IEE, vol. 106, pt. B, pp. 495-496; September, 1959. 


5.2. Measurements of Low-Loss Waveguides 


The attenuation in low-loss guide can be measured 
accurately by using a convenient length to form a 
resonant cavity. The Q values involved are of the order 
of 10° and special techniques have been developed to 
facilitate accurate measurements. 

[77] J. A. Young, “Resonant-cavity measurements of circular electric 
waveguide characteristics,” IEE suppl. no. 13 B, pp. 62-65. 

(78] A. E. Karbowiak and R. F. Skedd, “Testing of circular wave- 
guides using a resonant cavity method,” ibid., pp. 66-70. 


[79] D. G. Keith-Wqlker, “An equipment for measuring the attenua- 
tion of low-loss waveguide transmission lines,” bid., pp. 71-74. 


Special methods have been developed to detect the 
presence of unwanted modes, and a survey of these has 
been given. A spinning dipole has been used to obtain 


a complete field pattern in a cross section of the wave- 
guide. 
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[80] H. G. Effemey, “A survey of methods used to identify micro- 
wave fields or wave modes in cylindrical waveguides,” ibid., pp 


75-83. 
[81] H. M. Barlow & M. G. F. Wilson, “The spinning dipole tech- 
nique applied to the measurement of waveguide modes,” zbid., 


pp. 84-88. 


The magnitudes of the spurious modes exicited by a 
transducer from a single-mode to a multimode guide 
have been deduced from impedance measurements in 
the single-mode guide when the multimode guide is 
terminated by an adjustable short circuit. 


[82] Y. Klinger, “The measurement of spurious modes in over- 
moded waveguides,” zbid., pp. 89-93. 


5.3. Miscellaneous Measurements 


A Hall effect wattmeter has been constructed to 
operate at a frequency of 4 gc for input powers in the 
range 30 mw to 20 watts. The semiconductor is mounted 
in a resonant cavity, less than 3.4 per cent of the inci- 
dent power being absorbed. The accuracy is +3 per cent 
and is unaffected by the standing-wave ratio of the load, 
provided it exceeds 0.1. 


[83] L. M. Stephenson and H. M. Barlow, “Power measurement at 
4 gc by the application of Hall effect in a semiconductor,” 
Proc. IEE, vol. 106, pt. B, pp. 27-30; January, 1959. 


An incandescent filament lamp has been used as a 
noise source and is shown to have a higher noise tem- 
perature than a discharge tube but the bandwidth of 
operation is less. 


[84] E. W. Collings, “A filament noise source for 3 gc,” Proc. IEE, 
vol. 106, pt. B, pp. 97-101; March, 1959. 


Phase differences between the side bands of an ampli- 
tude-modulated signal are used as the basis of a method 
for measuring high Q factors (see also [77 |-[79]). 

[85] F. H. James, “A method for the measurement of very high Q- 


factors of electromagnetic resonators,” Proc. IEE, vol. 106, pt. 
B, pp. 489-491; September, 1959. 


Details have been given of the frequency standard 
which is based on the cesium resonance in X band. 
[86] L. Essen, E. G. Hope, and J. V. L. Parry, “Circuits employed in 


the N.P.L. caesium standard,” Proc. IEE, vol. 106, pt. B, pp. 
240-244; March, 1959. 


A frequency standard covering the range 7-20 ge with 
a short-term stability better than 1 in 107 has been pro- 
vided by multiplication from a 100-ke crystal. 


[87] B. H. L. James and M. T. Stockford, “A microwave frequency 
standard,” Electronic Engrg., vol. 31, pp. 2-7, 82-87; January— 
February, 1959. 


Optical techniques of measurement suitable for use at 
millimeter wavelengths have been surveyed. 


[88] A. F. Harvey, “Optical techniques at microwave frequencies,” 
Proc, IEE, vol. 106, pt. B, pp. 141-157; March, 1959. 
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GEORGES GOUDETTt 


HH) cross 1959, the main progress in Western 


Europe was concerning further development of 

types “O” and “M” carcinotrons and _ studies 
about quantum devices. Nevertheless, other subjects 
have not been neglected. 


1. VACUUM AND GAs TUBES 
1.1 Vacuum Tubes 


1.1.1 Conventional tubes: Some new conventional 
tubes for decimetric waves have been introduced, 
especially in Germany. The PC 86 type, intended for 
use as grounded grid amplifier, has been developed by 
Telefunken. 

A water cooled disk triode, the EC 59, has been de- 
signed on the basis of the previous EC 57 type, and has 
an output power of 10 w CW at 4000 mc with a band- 
width of 100 mc and a gain of about 10 db. 

H. Buenger, “PC 86, Eine neue entwickelte Gitterbasistriode fiir 
dezimeterwellen,” Telefunken Z., no. 122, pp. 262-265; December, 
1958. (In German.) 

V. V. Schwab and J. G. van Wigngaarden (Valvo GmbH Radio- 
réhrenfabrik, Hamburg), “Le tube EC 59, une triode d’émission 


d’une puissance de 100 W 4 4000 MHz,” Philips Tech. Rev., no. 9, 
pp. 253-262; May, 1959. (In French.) 


A planar measuring diode, the distance between elec- 
trodes of which can vary from 40 uw to 1 mm, has been 
constructed at the University of Berlin, to enable study 
of the space charge and transient phenomena at the 
frequencies between 1.6 and 4 kmc, the current density 
being able to reach 200 ma/cm? and anode voltage up 
to 30 volts. 


K. Hennings (Tech. Univ., Berlin), “Leitwerts—Messungen an einer 
plan parallelen diode im Laufzeitgebiet,” Nachrichtentech. Z., 
no. 9, pp. 459-461; September, 1959. (In German. ) 


The Centre National d’Etude des Télécommunica- 
tions uses analogical means for the study of electron 
guns: an automatic rheographic curve with automatic 
curve tracer and a device intended for testing electron 
guns, including facilities of electrical supply, vacuum, 
magnetic fields and travelling of electrodes. This instal- 
lation has proved very useful for solving problems in- 
volved in the design of microwave tubes. 

J. Henaff (C.N.E.T., Paris, “Les moyens d’étude d’optique élec- 


tronique du CNET,” Echo des Recherches, no. 34, pp. 16-31; 
August, 1959. (In French.) 


* Received by the PGMTT, April 29, 1960. ; 
+ Laboratoire Centrale de Telecommunications, Paris, France. 


The use of vacuum diodes for the detection of micro- 
waves has been studied in Spain by the Instituto 
Nacional de Electronica. 


E. Meyer and F. Wachter, “Deteccion de microondas en valvulas de 
vacio,” Revista “I NE,” vol. 2, pp. 165-178; July, 1959. (In Spanish.) 


1.1.2 Magnetrons: The French company Lignes Télé- 
graphiques et Téléphoniques have developed a whole 
set of components for the Q-band. In this way, a pulsed 
magnetron operating at 35,000 mc and delivering a peak 
power of 200 kw has been realized. The mean power is 
80 w. The anode structure is of the “rising sun” type 
and includes 26 cavities. The development of this tube 
has been conducted under a contract of the French 
Government. 


R. Zwobada, “A 200 kw 80 w Q-band magnetron,” Proc. IEE, pt. 
B., vol. 105, suppl. no. 10, pp. 426-428, 443, 445; May, 1958. 


A line of CW magnetrons operating in the frequency 
band 2425-2475 mc has been developed for industrial 
use, delivering RF power from 100 w to 1 kw. They are 
characterized by a high efficiency and a long life 
expectancy. 


Mlle Cagnac (C.S.F.), “Les magnétrons industriels,” Onde électrique, 
no. 390, pp. 723-725; September, 1959. (In French.) 


Experimental magnetrons operating on the wave- 
lengths of 32, 12, 8 and 4 mm have been realized by the 
Philips Laboratories at Eindhoven, The Netherlands. 
They can deliver peak powers of, respectively 1100, 70, 
80 and 40 kw. 


J. Verweel and G. H. Plantinga, “Une série de magnétrons 4 impul- 
sions, 4 cathode L, pour ondes centimétriques et millimétriques,” 
Phillips Tech. Rev., vol. 21, pp. 1-10; December, 1959. (In French.) 


In order to obtain CW power of a few kilowatts, mag- 
netrons are available; but for higher powers, it is neces- 
sary to use several tubes in parallel. It has been shown 
that the use of separated injection devices permits, by 
overlying suitable modes of oscillation, a nearly constant 
repartition of the density of energy to be obtained in 
the useful space. 


W. Schmidt (Entwicklungslab, Valvo GmbH Radio réhrenfabrik, 
Hamburg), “Parallelbetrieb von mehreren Einkopplungssystemen 
in Mikrowellen generatorer mit abgeschlossenen Arbeitsraumen,” 
Elektron. Rundschau, no. 8, pp. 280-282; August, 1959. (In German.) 


1.1.3 Kilystrons: Electronic-hysteresis phenomena oc- 
curring at the build-up of oscillations in reflex klystrons 


have been explained by taking a careful survey of the 
variation of beam admittance as a function of repeller 
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voltage and RF voltage in the gap between the grids. 

The conclusion is that these phenomena are essentially 

due to secondary emission in the space comprised be- 

tween the grids of the klystron cavity. 

R. P. Musson-Genon and C. Audouin, “A new analysis of electronic- 
hysteresis and secondary-emission phenomena in local-oscillator 


reflex klystrons,” Proc. IEE, pt. B, vol. 105, suppl. no. 12, pp. 
1006-1007; May, 1958. (In English.) 


An electron gun suitable for the production of a small- 
diameter beam has been studied for high-power broad- 
band klystrons. The beam is produced by a convergent 
gun, the cathode being placed in a magnetic field of 
suitable shape. 


C. Zlotykamin, “High density electron gun with magnetic field,” 
Proc. IEE, pt. B, vol. 105, suppl. no. 12, pp. 939-940; 1958. (In 
English. ) 


Theoretical considerations show that the efficiency of 
high-power pulsed klystrons is little impaired by the use 
of high perveances. The correlative lowering of the ap- 
plied voltage is advantageous for the realization of the 
power supplies and for certain characteristics of the tube. 
P. Palluel and G. Kantorowicz (C.S.F., Paris), “Klystrons de puis- 


sance élevée en impulsions utilisant une grande pervéance,” Onde 
électrique, no. 383, pp. 109-115; February, 1959. (In French.) 


The problem of the improvement of linearity of 
frequency-modulated reflex-klystron has been studied. 
A solution using a special load, the impedance of which, 
correcting the modulation characteristic of the klystron, 
has been developed, and the possibilities of practical 
realization investigated. Such a circuit has been success- 
fully tested with different types of klystrons. 

G. Cicconi (Div. Ponti Radio, Fabbr. ital. Magnet. Marelli, Milano), 

“Sul miglioramento della linearita di clistron reflex come generatori 


modulati in frequenza,” Alta frequenza, no. 6, pp. 634-682; Decem- 
ber, 1958. (In Italian.) 


A determination of the phase aberration coefficient in 
a reflex klystron has been made by studying the beam 
admittance and the variation of amplitude as a function 
of the position of departure from the cathode. 
J. Bonnerot, “Déterrsination du coefficient d’aberration de phase 


dans un klystron reflex,” Compt. Rend. Acad. Sci., Paris, no. 20, 
pp. 2023-2025; November 16, 1959. (In French.) 


1.1.4 Travelling-wave tubes: The most important pa- 
rameters of travelling-wave tubes influencing the gain 
have been investigated, including the different means 
for focusing the electron beam. The possible upper limits 
for the gain have been evaluated, as far as noise and 
oscillation by internal reflections are concerned. 

A calculation of the reflections of a non-uniform ac- 
tive helix line with a localized attenuation has shown the 
influence of these reflections on gain, delay and imped- 
ance fluctuations. Some characteristic measurements 
have confirmed the validity of the theoretical investi- 
gations. 

W. Klein (Standard Elektrik Lorenz, Stuttgart), “Die Grenzen der 


Verstairkung von Wanderfeldréhren fiir Richtfunkstrecken,” Arch. 
elektr. iibertragung., no. 7, pp. 273-286; July, 1959. (In German.) 
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It has been shown that the calculation of the mini- 
mum noise figure of electron-beam amplifiers can be 
performed in a manner similar to the calculation of the 
minimum noise figure of network fourpoles. 


M. T. Vlaardingerbroek “Noise in electron beams and in four-ter- 
minal networks,” Phillips Res. Repts., vol. 14, no. 4, pp. 327-336; 
August, 1959. (In English.) 


At the Institut fiir Hochfrequenztechnik, of Ziirich, 
a study of rectangular electron beams has been con- 
duced. 


R. A. Aeschlimann, “Untersuchungen iiber Elektronenstrahlen mit 
rechteckigen Querschmitt,” Juris-Verlag, Ziirich, dissertation at 
Eidgendssische Technische Hochschule, no. 2866; 1959. (In 
German.) 


An analysis has been made of the interaction between 
an electron beam and an electromagnetic wave propa- 
gating along a helix wound around the beam. The 
conditions of operation of a traveling-wave tube have 
been calculated, and the characteristic curves estab- 
lished. Numerical applications have been made, using 
an electronic computer. 


A. Martorell, “Analisis de un tubo de onda progresiva,” Rev. Tele- 
communic., no. 54, pp. 2-14; December, 1958. (In Spanish.) 


Problems involved in the design of low-noise travel- 
ing-wave tubes have been studied in order to improve 
their noise figure. 


P. H. J. A. Kleijnen, “Traveling wave buizen,” Tijdschr. Nederl Radio 
genootsch, vol. 24, nos. 2/3, pp. 71-88; 1959. (In Dutch.) 

A. Versnel, “Lopende golfbuizen met laag ruisgetal,” Tzjdschr. Nederl. 
Radiogenootsch, vol. 24, nos. 2/3, pp. 101-112; 1959. (In Dutch.) 


A traveling-wave tube with helical conductor with 
an output power of 10 w at 4000 mc has been realized. 


C. T. de Wit (Natuurk Lab., N. V. Philips Gloeilampenfabr., Eind- 
hoven), “Een 10 watt lopende golfbuis voor de 7.5 cm band,” 
Tijdschr. Nederl. Radiogenootsch, no. 2-3, pp. 89-100; 1959. (In 
Dutch.) 


A traveling-wave amplifier operating at 4 kmc has 
been developed for use in transmitters of multi-channel 
microwave links. 

W. Klein (Telefunken, Ulm,/Donau), “Die Wanderfeldréhre TL 6 als 


Endverstirker in 4 GHz—Richtfunkanlagen,” Fernmelde Frax, 
no. 21, pp. 810-820; November, 1959. (In German.) 


Considerable work has been done at the French firm 
Compagnie Générale de Télégraphie sans Fil (C.S.F.) 
concerning M-type tubes. Theoretical and experimental 
approaches have been used simultaneously in order to 
determine precisely the phenomena involved. The re- 
sults of an experimental study made on an electron gun 
for traveling-wave tube have been analyzed as concerns 
the variation of the cathode current vs the applied volt- 
age in the presence of a magnetic field. 

A. F. Leblond (C.S.F., Paris), “Study of the electron trajectories in 


guns for M-type tubes,” Proc. IEE, pt. B, vol. 105, suppl. no. 12, 
pp. 1021-1023; May, 1958. 


A new analogous method has been used for studying 
the grouping of electrons in a beam in interaction with 
a slow wave in the presence of crossed electrical and 
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magnetic fields. Interesting experimental results have 

been obtained this way. 

B. Epsztein (C.S.F., Paris), “An experimental study of large signal 
behaviour in M-type valves in the presence of space charge by the 


use of an analogous method,” Proc. IEE, pt. B, vol. 105, suppl. no. 
10, pp. 598-604; May, 1958. 


Two kinds of anomalous phenomena have appeared 
during the development of M-type carcinotron: con- 
cerning the static behavior of the tube, independent 
of 1) RF phenomena and 2) dynamical phenomena. The 
latter are: anomalous power/current characteristics, 
parasitic oscillations, hysteresis and discontinuities. 


J. Nalot and R. Visocekas (C.S.F., Paris), “Anomalous behaviour in 
the M-type carcinotron,” Proc. IEE, pt. B, vol. 105, suppl. no. 10, 
pp. 538-542; May, 1958. 

An experimental tube analogous to the J/-type car- 
cinotron, the carmatron, has been realized and its char- 
acteristics compared with that of M-type carcinotron 
and variable voltage magnetron. 


O. Doehler, B. Epsztein, and J. Arnaud (C.S.F., Paris), “Operational 
characteristics of the carmatron tube,” Proc. IEE, pt. B, vol. 105, 
suppl. no. 10, pp. 529-533; May, 1958. 


It has been shown that the advantages of the M-type 
tubes, namely their high efficiency (45 per cent) and 
their high-power capabilities (1 kw at 3000 mc), can be 
preserved in pulsed operation, and the problems arising 
from this mode of operation have been discussed. Tubes 
of this type operating in the S and X bands have been 
constructed. 


M. Favre (C.S.F., Paris), “Results obtained on cross-field carcino- 
trons under pulsed operation,” Proc. IEE, pt. B, vol. 105, suppl. no. 
10, pp. 533-537; May, 1958. 


A pulsed magnetron amplifier delivering a peak out- 
put power of several megawatts, with an efficiency of 
50 per cent and a relative bandwidth of 15 per cent, has 
been developed by Compagnie Frangaise de Télégraphie 
sans Fil. This tube operates by interaction between an 
electron beam simultaneously perpendicular to the elec- 
trical and magnetic fields. The tube is of coaxial shape, 
the beam being bent by a magnetic field produced by 
an intense direct current circulating in the circular sole. 
O. Doehler, A. Dubois, and D. Maillart (C.S.F., Paris), “An M-type 


pulsed amplifier,” Proc. IEE, pt. B, vol. 105, suppl. no. 10, pp. 454- 
457; May, 1958. 


The Compagnie Générale de Télégraphie sans Fil 
continues the development of type-O carcinotron, di- 
rected towards higher operating frequencies. In this 
way, furthering the previous development of tubes 
operating up to 100 kmc, laboratory samples of type-O 
carcinotrons oscillating up to 170 kmc have been con- 
structed. These tubes involve a convergent gun de- 
livering a concentrated beam, the density of which is 40 
to 50 a/cm?. The output power is about 1 mw, but it 
appears possible to design tubes delivering up to 50 mw 
at 150 kmc. Improvements on hand will probably permit 
operation at a frequency of 200 to 250 kmc rather near 
7 _ the limit of this kind of tube, estimated to be in the 
vicinity of 300 kmc. 
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Yeou Ta (C.S.F., Paris), “Carcinotrons de type O fonctionnant a 


2 mm,” Onde électrique, no. 391, pp. 789-794; October, 1959. (In 
French. ) 


The manufacture of M-type carcinotrons necessitates 
a high mechanical accuracy. Technological processes 
have been developed in order to meet the requirements 
of production of very small electrodes, especially for the 
millimetric-wave tubes. 
G. Boucher (C.S.F., Paris), “Technology of carcinotrons for short and 


long wavelengths,” Proc. IEE, pt. B, vol. 105, suppl. no. 12, pp. 
897-900; May, 1958. 


A backward-wave oscillator has been developed by 
Siemens und Halske A.G., using a circular beam of 0.3 
mm to 0.35 mm diameter and a current density of 15 to 
20 a/cm?. The beam is guided in the space of interaction 
with the delay line, by means of a permanent magnet. 
This tube oscillates from 26.5 to 48 kmce and delivers a 
power greater than 40 mw. 

F. Gross (Siemens und Halske, Miinchen), “Ein Riickwiartswelleno- 
zillator mit periodischer Verzégerungsleitung fiir den Frequenz- 


bereich von 25 bis 48 GHz,” Arch. elekt. Ubertragung no. 8, pp. 
356-362; August, 1959. (In German.) 


The Gundlach theory has been applied to the O-type 
carcinotron using an interdigital line poorly matched. 
The effects of the reflections on the frequency character- 
istic of the tube have been studied, as well as the case 
of transients. The results fit well with experimental 
results. 

K. H. Loecherer (Inst. Hochfrequenztech., Univ. Berlin), “Bemerk- 


ungen zur Theorie der Riickwirtswellenréhre,” Nachrichtentech. 
Z., no. 4, pp. 187-192; April, 1959. (In German. ) 


At the University of Berlin, carcinotron-type tubes 
using interdigital lines have been constructed. The in- 
fluence of reflections on the frequency stability has been 
studied in detail, and a tube operating in the 4-8 cm 
band realized, giving an output power of 50-800 mw. 
G. Bolz (Tech. Univ., Berlin), “Aufbau und Eigenschaften von 


Riickwirtswellen réhren,” Nachrichtentech. Z., no. 3, pp. 120-127; 
March, 1959. (In German.) 


1.2 Gas Tubes 


1.2.1 Duplexer tubes: The difficulties encountered in 
the realization of high-power twin TR tubes for the 23- 
cm band have led to another solution, using a total 
coupling junction. This leads to a very simple construc- 
tion, and the gas tube is easy to replace. 

P. Tcheditch (C.S.F., Paris), “Duplexeur pour grande puissance dans 
la bande 23 cm,” Onde électrique, vol. 38 (August, 1958), special 
suppl. no. 376 ter, pp. 478-480; March, 1959. (In French.) This 
special supplement of Onde électrique, published in March, 1959, 


will hereafter be referred to as simply “special suppl. no. 376 ter; 
March, 1959.” 


For powers higher than 15 mw in the S band, a 
screen duplexer has been realized. It utilizes a totaly 
coupled junction, the window of which contains small 
quartz tubes with argon. Such devices have been tested 
with peak powers up to 30 mw. 
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R. Vauthey (C.F.T.H.), “Duplexeur a4 rideau et son utilisation en 
trés grande puissance,” Onde électrique, special suppl. no. SM OMter 
pp. 488-493; March, 1959. (In French. ) 


The problem of high-power duplexing in millimetric 
waves has been solved by the use of a 3-db hybrid junc- 
tion containing gas tubes, and acting as a switch. This 
solution appears to be reliable and much better than the 
one using conventional TR and ATR tubes, which are 
too difficult to manufacture and unable to withstand 
high power. 


H. Weill (S.N.E. Radio-Industrie, Paris), “Duplexeur haut niveau a 
large bande réalisable en ondes millimétriques,” Onde électrique, 
special suppl. no. 376 ter, pp. 473-477; March, 1959. (In French.) 


1.2.2 Gas masers: The effects of the multiple diffusion 
of the optical resonance light upon the lifetime of the 
excited atomic level are studied. The theory allows to 
find again the case of one atom (single diffusion) ; for 
two atoms, the equations of evolution of the excited 
state probabilities are coupled by coefficients that 
physically correspond to the passage of the excitation 
from one atom to another. This is then applied to the 
case of NV atoms in a gas. Some experiments confirm the 
prevision of the theory. 


J. P. Barrat, “Etude de la diffusion multiple cohérente de la lumiére 
de résonance optique. Application au niveau 6% P; du mercure,” 
J. Phys. Radium, vol. 20, pp. 541-548; May, 1959; pp. 633-646, 
June, 1959; p. 657; July, 1959. (In French. ) 


A realization of a beam cesium atomic clock is going 
on in Italy at Torino, where the study was begun in 
1957. The report is concerned with the first eighteen 
months work. 


M. Boelea, “Costruzione di un campione di frequenza al cesio presso 
l’Istituto Elettrotecnico Nazionale ‘Galileo Ferraris’,” Ricerca 
sct., vol. 29, pp. 267-271; February, 1959. (In Italian.) 


1.2.3 Plasmas: A theoretical analysis of the plasma- 
field coupling has been conducted with a careful study 
of the hypothesis. The fundamental equations thus 
established have been applied to the study of the main 
types of electromagnetic and magnetohydrodynamic 
waves capable of propagating through a thoroughly 
ionized plasma. 

J. M. Dolique (C.S.F., Paris), “Propagation des ondes électromagné- 


tiques dans les plasmas complétement ionisés résistifs,” Ann. 
Radioélect., no. 56, pp. 107-141; April, 1959. (In French. ) 


A study has been made of the propagation constant 
of the TE;» modes in a rectangular waveguide contain- 
ing a thin film of gyroelectric plasma. 

i Gabarre and L. Cairo (Inst. Henri-Poincaré, Paris), “Méthode 
variationnelle pour la propagation des ondes électromagnétiques 


dans un plasma,” Compt. Rend. Acad. Sci., Paris, no. 18, pp. 1750- 
1752; November 2, 1959. (In French.) 


A study has been conducted of the electronic distri- 
bution in an inhomogeneous and anisotropic Lorentzian 
plasma by means of statistical mechanics, and the 
results have been extended to the case of an applied 
alternative field. 
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R. Jancel and T. Kahan (Inst. Henri-Poincaré, CNRS, Paris), 
“Mécanique statistique d’un plasma lorentzien inhomogéne et 
anisotrope: étude de la distribution électronique,” J. Phys. Radium, 
no. 10, pp. 804-811; October, 1959. (In French. ) 


Stable RF plasmoids have been obtained, at the 
resonance frequency of the plasma, with a density of 
about 107 electrons/em* and a temperature in the 
vicinity of 10°K. 

R. Geller, “Production de plasmoides de haute fréquence stables a la 


fréquence de résonance du plasma,” Compt. Rend. Acad. Sci., Paris, 
no. 25, pp. 2749-2751; December 21, 1959. (In French.) 


A plasma torch operating in the 2400-mc band has 
been realized. It consists of a coaxial blow-pipe and a 
microwave generator using a CW magnetron. It is thus 
possible to create, in an oxygen-free zone, a temperature 
higher than 3000°C with a power less than 1 kw. In the 
useful zone, the active molecules are dissociated by free 
electrons. At the output of the waveguide, the plasma 
forms a glowing zone where ions recombine at the con- 
tact of the material to be heated and transmit their 
bonding energy under heat form. 

W. Schmidt (Entwicklungslab, Valvo GmbH), “Der mikrowellen- 


Plasmabrenner,” Elektron. Rundschau, no. 11, pp. 404-406; No- 
vember, 1959. (In German. ) 


1.2.4 Miscellaneous: In order to produce harmonics 
of an RF field, an oscillating beam of secondary electron 
has been directed, through holes in the cavity, towards 
a resonator tuned on harmonics. With the oscillating 
multiplication producing a high proportion of harmon- 
ics, resonators are excited. 

K. Krebs and H. von Villiez (Phys. Inst. tech., Univ. Berlin), “Die 

Anregung von Hohlrammresonatoren durch Pendelvervielfachung 


von Sekundirelektronen,” Z. Phys., vol. 154, no. 1, pp. 27-33; 
1959. (In German.) 


2. PASSIVE CIRCUITS AND SOLID-STATE DEVICES 
2.1 Transmission Lines 


Silver-plated microwave elements of very high pre- 
cision (better than 1/100 mm) were obtained by the 
Laboratoire de Radioélectricité de la Faculté des 
Sciences de Clermont-Ferrand by evaporating silver in 
vacuum on “Plexiglass” and after depositing copper by 
electroforming. 

G. Raoult and R. Fauguin, “Galvanoplastie sur plexiglass argenté, 


Son application a diverses réalisations hyperfréquences,” J. Phys. 
Radium, vol. 20, pp. 29A-31A; April, 1959, (In French.) 


The principal causes of perturbations in microwave 
guides have been studied; it is shown that generally the 
differences in aperture dimensions produce more mis- 
match than assembling defects such as off-settings, rota- 
tion or misaligning. Siemens und Halske A.G. has 
realized a universal measuring line for the 1-13 gc 
band, the realization of the junctions is described in de- 
tail, concurrently with that of the isolating supports. 
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U.V. Wienlin and A. Kuerlz (Siemens und Halske A.G., Miinchen), 
“Reflexionen an Hohlleiter—Flanschverbindungen Entwicklungs,” 
Ber. S. und H. Akt Ges. Dtsch, vol. 22, pp. 85-88; April, 1959. (In 
German.) 

W. Krauss (Berlin), “Spezielle probleme der Héchfrequenz—Mess- 
technik mit Hohlleitern,” Nachrichtentech, Z., pp. 351-359; August, 
1959, (In German. ) 

M. Ebisch (Siemens und Halske A. G., Miinchen), “Koaxiale Mess- 
leitung—Einsitze Hoher Genauigkeit fiir den Frequenzbereich 1 
bis 13 GHz,” Frequenz Deutsch, no. 2, pp. 52-56; February, 1959. 
(In German.) 


Researches on transmission of TEo: waves in circular 
waveguides are pursued. 

P. Marie (C.N.E.T., Issy-les-Moulineaux), “Transition créant le 
mode TEq circulaire 4 partir du mode TE: rectangulaire,” Onde 
électrique, special suppl. no. 376 ter, pp. 471-472; March, 1959. (In 
French.) 

A. Jauman (Zentral Lab. Siemens und Halske A.G., Miinchen), 
“Ueber Richtungkoppler zur Erzeugung des Hoi— Welle in runden 
Hohlleiter-—Entwicklung,” Ber. S. und H. Akt. Ges., vol. 22, pp. 
12-18; April, 1959. (In German.) 

J. Bendayan, G. Comte and M. Thue (C.N.E.T., and Les Cables de 
Lyon), “Research on transmission of TEo: waves in circular wave- 
guides in the vicinity of 25 and 35 Gc/sec,” Proc. IEE, pt. B, vol. 
106, suppl. no. 13, pp. 94-99; January, 1959. (In English.) 

H. Schnitger, “Die Hohlkabeltechnik,” Jahrb. elekt. Fernmeldewes, 
vol. 10, pp. 109-147, 1958 ( In German.) 


2.2 Linear Circuits 


2.2.1 Dipoles: A calorimeter for the measurement of 
high power was studied. The dissipative device is not 
mounted in the main waveguide but is coupled to it by 
means of a grating. The precision is better than two 
Decent, 


T. Jaeger and M. V. Schneider (Inst. Hochfrequenztech., Eidgenoss. 
tech. Hochsch., Ziirich), “Ein Breitbandiges Mikrowellenkalori- 
meter fiir Hohe Leistungen,” Arch. elektr. Ubertragung., vol. 13, 
pp. 21-25; January, 1959 (In German.) 


The impedance presented by a reflex-klystron to its 
output guide out of an oscillating lobe varies rapidly 
with reflex electrode voltage. This impedance variation 
can be utilized to amplitude modulate the energy flow- 
ing through a waveguide. The modulation obtained is 
linear. 


R. Metivier and P. Audoin (C.F.T.H., Paris), “Modulation en am- 
plitude a l’aide d’un klystron-reflex de l’énergie hyperfréquence 
transmise sur un guide d’ondes,” Onde électrique, special suppl. 
no. 376ter, pp. 509-512; March, 1959. (In French.) 


2.2.2 Reciprocal multipoles: In view of the study of 
octopoles and of lossless directional couplers, a graphical 
method is described for the determination of the re- 
flection coefficient based on the positions of short- 
circuiting slugs. 


H. Lueg (Telefunken Ulm/Donau,), “Méthode de mesure pour 
examen des octopoles et coupleurs directifs sans pertes entre les 
lignes homogénes utilisant des pistons de court-circuits,” Onde 
électrique, special suppl. no. 376 ter, pp. 380-387; March, 1959. (In 


French). 

A theoretical and experimental study was conducted 
on the necessary conditions for the convenient measure- 
ment of a symmetrical impedance. The measurement is 
easy, provided a symmetrical measuring line is available. 
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H. Frieke (Tech. Hochsch., Aachen), “Messung symmetrischer 
Scheinwiderstande im Meter und Dezimeterwellengebiet,” Nach- 
richtentech. Z., vol. 12, pp. 233-238; May, 1959. (In German.) 


A certain number of microwave filter studies were 
published in the special supplementary issue of Onde 
électrique, vol. 38. 

L. Milosevic (C.F.T.H., Paris), “Blocs d’aiguillage sélectif en hyper- 
fréquence,” Onde électrique, special suppl. no. 376 ter, pp. 341-369; 
March, 1959. (In French.) 

S. Drabovitch (C.F.T.H., Paris), “Un filtre U.H.F. a faibles pertes 
pour liaisons hertziennes ‘transhorizon,’” Onde électrique, special 
suppl. no. 376, pp. 412-418; March, 1959. (In French. ) 

M. Clement (Cie gén. télégr. sans fil, Paris), “Etude et réalisation 
d’aiguillage par filtres en anneaux pour faisceaux hertziens,” Onde 
électrique, special suppl. no. 376 ter, pp. 419-423; March, 1959. (In 
French.) 

R. Havot (Lab. électron. Phys. appl., Paris), “Filtres de branchement 
pour faisceaux hertziens 4 4000 MHz,” Onde électrique, special 
suppl. no. 376 ter, pp. 441-446; March 1959 (In French. ) 

P. Marie (C.N.E.T., Issy-les-Moulineaux), “Filtres d’aigullage 
hyperfréquence,” Onde électrique, special suppl. no. 376 ter, pp. 
424-429; March, 1959. (In French.) 


A paper dealing with the computation of microwave 
filters was published by Societa Magneti Marelli, 
Milano. It recalls the most important papers already 
published and presents an abacus for the quick computa- 
tion of a filter and the rules to be applied to obtain a par- 
ticular response. It also describes some filters realized in 
the 800-2000 MHz band. 


L. Caroli and U. Cucina, “Projetto e attuazione di filtri per micro- 
onde,” Alta frequenza, vol. 28, pp. 211-232; July-August, 1959. 
(In Italian.) 


Siemens und Halske A.G. have published a study of 
filters considering only those networks which have at- 
tenuation poles. These networks can be utilized in 
filters which must present a very high attenuation on 
only one side of the pass-band. 


F. Kuenemund (Siemens und Halske A.G., Miinchen), “Hohlleiter- 
filter mit versteilerter Dampfungscharakteristik,” Frequenz 
Deutsch., vol. 13, pp. 97-102; April, 1959. (In German.) 


A coaxial three-path rotary joint and a multiple-path 
rotary joint realized by means of annular waveguides 
was described in the special supplementary issue of 
Onde électrique. A very small dead angle is left in 
multiple-path rotary joint. 

A. Depauw and J. Danis (SNE Radio-Industrie, Paris), “Joint 
tournant a trois voies hyperfréquences,” Onde électrique, special 
suppl. no. 376 ter, pp. 460-462; March, 1959 (In French.) 

M. Sirel (SNE Radio-Industrie, Paris), “Joint tournant 4 nombre de, 


voies multiples,” Onde électrique, special suppl. no. 376 ter, pp. 
463-470; March, 1959. (In French.) 5 


Some directional couplers were studied in 1959. Per- 
turbation calculus allows the computation of a direc- 
tional coupler having a longitudinal slot of any section. 
For a particular attenuation, the width of the slot in- 
creases when the guide wavelength decreases, or when 
the intensity near the slot decreases, or else when the 
length of the coupling decreases. Some experimental re- 
sults confirm these theoretical data. 
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H. Pascher (Siemens und Halske A.G., Miinchen), “Langschlitz— 
Richtungskoppler fiir H. Wellen,” Arch. elekt. Ubertragung., vol. 
13, pp. 76-82; February, 1959. (In German. ) 


A skin coupler may be obtained by reducing the wall 
thickness between two cylindrical waveguides so that 
transmission of microwave power through the wall is 
possible. The “top wall coupler” has promising proper- 
ties as a broad-band system. The loss of the system can- 
not be avoided. Application for K-band, J-band fre- 
quencies and above seems to be promising. The thin 
metallic layers can also be used as detector-devices. 

V. M. Schneider (Ecole polytechnique fédérale, Ziirich), “The skin 
coupler, a method of directional coupling,” Onde électrique, special 
suppl. no. 376 ter, pp. 375-377; March, 1959. (In English.) 

M. Schneider, “Eigenschaften und Anwendungen dinner metal- 


lischer Schichten im Mikrowellenbereich,” Tech. Mutt. P.T.T., 
vol. 37, pp. 465-495; November, 1959. (In German.) 


A coaxial directional coupler has been studied in 
Italy. They consider the two lines coupled by an octo- 
pole, and demonstrate that directional coupling is ob- 
tained for certain internal structures of the octopole and 
certain values of the impedances which constitute it. 
They deduct the directional condition, the coupling ex- 
pressions, and the input impedance. 

I. Bucci (Fabbr. Ital. Magneti Marelli, Milano), “Accoppiatori di- 


rettivi in linea coassiale,” Alta Frequenza vol. 28, pp. 260-276; 
July-August, 1959. (In Italian.) 


A few circuits which allow stabilization of the klystron 
frequency by means of a cavity have been described: 


J. Fagot and J. Queva (Cie gén. Télégr. sans Fil, Paris)—“Stabilisa- 
tion d’un klystron-reflex par une cavité extérieure 4 haute surten- 
sion,” Onde électrique, special suppl. no. 376 ter, ppl 395-402; 
March, 1959. (In French.) 

L. Milosevic (C.F.T.H. Paris)—“Oscillateur stabilisé,” Onde élec- 
trique, special suppl. no. 376 ter, pp. 403-411; March, 1959, (In 
French.) 


Circuits which allow automatic frequency control are 
also described: 


L. del Bello (Fabr. Apparech. Communic. electr. Standard, Milano), 
“Commando di Frequenza per clistron con cavita di riferimente,” 
Alta Frequenza, vol. 27, pp. 629-633; December, 1958. (In Italian.) 

C. Levaillant (C.F.T.H., Paris), “Discriminateur hyperfréquence a 
large bande; application aux tétes HF monobouton,” Onde élec- 
trique, special suppl. no. 376 ter, pp. 513-528; March, 1959. (In 
French.) 

B. Basini (Fabbr. Ital. Magneti Marelli, Milano), “Cavita di riferi- 
mento per commando automatico di frequenza,” Alta frequenza, 
pp. 277-284; July-August, 1959. (In Italian.) 


At the end the preceding paper, the author describes 
a particular cavity with ferrite giving a modulable 
resonant frequency. Its utilization is described. 

Wide-band ferrite attenuators, with low insertion 
losses, may eventually dissipate important UHF powers 
and allow the control and the adjustment of the UHF 
power. 


P. Sermet and J. Murier (Lab. HF, Fac. Sci., Grenoble), “Asservisse- 


ment et régulation de puissance dans les bandes X et S par des 
atténuateurs a ferrites,” Onde électrique, special suppl. no. 376 
ter, pp. 529-534; March, 1959. (In French.) 
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A simple network, comprising klystron, absorption 
wavemeter, detection crystals, and magic Te, allows one 
to measure Q factors from 2000 to 8000 as well as much 
lower values (about 200) in the X band. The measuring 
method and its precision are given. 


A. Strub (Lab. HF, Fac. Sci., Univ. Grenoble), “Appareillage simple 
pour la mesure de facteurs de surtension dans la bande pqs’ 
J. Phys. Radium, vol. 20, pp. 42A-43A; April, 1959. (In French.) 


A spectrometer using the cavity and pulse techniques 
has been studied; the output response signals from a 
reference cavity and the measuring cavity are not 
directly compared. They are sent through two pulse 
generators whose networks trigger pulses of a micro- 
second on determined points of each response curve. 
The measure is obtained by comparison of the relative 
position of these pulses on the screen of a synchroscope. 
A. Gozzini, A. Battaglia (Ist. Fis., Univ. Piza), G. Boudouris, D. 

Ilias (Lab. Phys. Atmosph., Paris), and F. Bruin (Naturr. Lab., 

Univ. Amsterdam), “Un spectrométre en microonde utilisant la 


technique des cavités et des impulsions,” Onde électrique, special 
suppl. no. 376 ter, pp. 430-440; March, 1959. (In French.) 


2.2.3 Nonreciprocal multipoles: A number of studies 
on ferrites and their behavior in UHF have been pub- 
lished in 1959. 

A. Vassiliev (Cie gén. Télégr. sans Fil, Paris), “Contribution 4 l’étude 
des ferrites pour leur emploi en UHF,” Onde électrique, spec. suppl. 
no. 376, pp. 574-581; March, 1959. (In French. ) 

F. Picherit, “Effet Faraday de divers batonnets de ferrites,” Compt. 
Rend. Acad. Sci., Paris, vol. 249, pp. 69-70; July 6, 1959. (In 
French.) 


Equimolecular substitution of Cr?O* or Al?O% in Ni-Zn 
ferrites allows the absorption of UHF waves crossing 
the material to diminish considerably. 


W. Kagan and R. Vautier (C.N.R.S., Paris), “Ferrites 4 faibles pertes 
en hyperfréquence,” Onde électrique, special suppl. no. 376 ter, pp. 
560-564; March, 1959. (In French. ) 

R. Vautier and W. Kagan (Lab. Magnétisme, C.N.R.S., Bellevue), 
“Propriétés aux hyperfréquences de ferrites chromites de Ni-Zn,” 
rept. of Colloque National de Magnétisme, Strasbourg, July 8-10, 
1957, pp. 326-336; 1959. (In French.) 


The variations with the temperature of the resonant 
frequency and of the nonreciprocal phase delay or the 
Faraday rotation nearly disappear for certain dimension 
of ferrite element. 

W. Haken and C. von Haza-Radlitz (Siemens und Halske A.G. 

Miinchen), “Ferrit-Kérper mit Temperaturunabhingigen gyro: 


magnetischen Eigenschaften,” Arch. elektr. Ubertragung., vol. 13; 
pp. 157-160; April, 1959. (In German.) 


The propagation in circular waveguide filled up with 
a gyromagnetic substance was studied in the particular 
case where the low value of susceptibilities allows the 
definition of two modes: one quasi TE and one quasi 
TM. The expressions of the different emergent-wave 
characteristics were obtained: wavelength, absorption, 
polarization-plan rotation and ellipticity. 
He Soutif (Lab. Electrostatique Phys. du métal, Grenoble), “Propaga- 

tion dans ‘un guide d’onde circulaire rempli d’une substance 


gyromagnétique,” Onde électrique, special suppl. no. 376 t 
599-601; March, 1959. (In French.) <i es 
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The report of the Colloque National de Magnétisme, 
Strasbourg (July 8-10, 1957) was published in 1959. An 
experimental study to check the theoretical results 
shortly recalled was described. Metals salts in state S 
were used where the ship-orbit coupling did not interfere 
and where the powder isotropy was obtained, not by 
mean, but by an intrinsic quality of each grain. 

J. Soutif-Guicherd, “Effet Faraday paramagnétique,” rept. of 


the Colloque National de Magnétisme, Strasbourg, July 8-10, 
1957, pp. 301-303; 1959. (In French.) 


The measurements of ferrite complex permeability 
show anomalies incompatible with the classical theory 
of the gyromagnetic effect. The resonant points found 
at very high frequencies are attributed to the spin waves 
The anomalies that exist at lower frequencies may be 
explained in considering the ferromagnetic materiel as 
formed by little magnets with mutual induction. 


P. M. Prache (Soc. Lignes Télégr. Téléph., Paris), “Les anomalies de 
la perméabilité des ferrites aux fréquences élevées,” Bull. Soc. 
frang. électriciens, vol. 9, pp. 329-340; June, 1959. (In French.) 


The propagation modes in a waveguide with parallel 
walls filled up with ferrite magnetized in a parallel to 
walls direction were calculated. They determine a 
relatively simple form of the characteristic equation. 


G. Barzilai and G. Gerosa (Ist. Elettrotec., Univ. Roma), “Modes 
in rectangular guides filled with magnetized ferrite,” Onde électrique, 
special suppl. no. 376, pp. 612-617; March 1959. (In English. ) 

G. Barzilai and G. Gerosa, “Modes in rectangular guides partially 
filled with transversely magnetized ferrite” IRE TRans. on AN- 
TENNAS AND PROPAGATION, vol. AP-7, special suppl., pp. S471— 
$474; December, 1959. 


The propagation of electromagnetic waves in a circu- 
lar waveguide containing a gyromagnetic material was 
studied. The gyromagnetic axis of the material is parallel 
to the waveguide. The material has the shape of a 
cylindrical envelope of thickness 6 adjacent to the wave- 
guide wall. 


A. P. van Gelder, A. M. de Graaf,and R. Kronig (Tech. Hogeschool, 
Delft), “New calculations on the Faraday effect in wave guides,” 
Appl. Sci. Res., vol. 7, pp. 441-448; 1959. (In English. ) 


A relatively large number of papers have been pub- 
lished on the realization of nonreciprocal circuit ele- 
ments “Uniline” and “circulators.” 


R. Taupin and M. Hai Thai (Cie Gén. Télégr. sans Fil, Paris), 
“Emploi des ferrites dans les circuits hyperfréquences,” Onde 
électrique, special suppl. no. 376 ter, pp. 582-587; March, 1959. (In 
French. ) 

H. G. Beljers (N.V. Philips, Eindhoven,), “Ferrite isolators in the 
8-9 mm waveband,” Onde électrique, special suppl. no. 376 ter, pp. 
617-648; March, 1959. (In English. ) 

R. Dessert (L.E.P., Paris) “Eléments de circuits hyperfréquence non 
réciproques utilisant des ferrites,” Onde électrique, suppl. no. 376 
ter, pp. 653-659; March, 1959. (In French.) 

M. Vadnjal and A. Fiorini (Univ. Padoue), “Sfasatore con ferrite per 
circolatori a larga banda,” Note Recens., Notiz., vol. 8, pp. 305— 
312; May-June, 1959. (In Italian. ) 

E. Schanda (Wien), “Einwegalschwacher in Rechteck—Hohlleitern,” 
Elektrotech. u. Maschinenbau, vol. 76, pp. 174-177; April, 1959. 
(In German.) 
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Milano has studied more particularly the influence of 


the dielectric support and the geometrical dimensions 
of the ferrite plate. 


U. Milano (Ist. sup. Poste e Telecommunic., Roma), “Isolateurs de 
résonance a plaques diélectriques dans la bande X,” Onde électrique, 
special suppl. no. 376 ter, pp. 569-573; March, 1959. (In French.) 

U. Milano, “Sul comportamento di ferriti di Ni-Zn e di Mg-Mn in 
attenuatori non reciproci a risonanza ferromagnetica nella gamma 
dei 900 MHz,” Note Recens., Not. Ital., vol. 8, pp. 611-633, 
November—December, 1958; pp. 3-20, January—February, 1959. 
(In Italian.) 


Siemens und Halske A.G. pursued the study of fer- 
rites and of their UHF applications. They particularly 
studied the demagnetization factors of the ferrite ele- 
ment set in waveguides. 

W. Haken (Siemens und Halske A.G., Miinchen), “Ueber den Ein- 
fluss leitender Flachen auf die gyromagnetische Resonanz von 
Ferritkérpern, Entwicklungs” Berl S. und H. Akt. Ges., vol. 22, 
pp. 28-32; April, 1959. (In German.) 

J. Deutsch (Siemens und Halske A.G., Miinchen), “Einige Ferrit- 
Bauelemente fiir die Mikrowellentechnik,” Nachrichtentech. Fach- 
ber, vol. 12, pp. 9-14; 1958. (In German.) 

J. Deutsch, N. Haken, and C. V. Hazaradlitz (Siemens und Halske 
A.G., Miinchen), “Neue Richtungsleitungen fiir Richtfunksys- 


teme,” Nachrichtentech. Z., vol. 12, pp. 367-370; July, 1959. (In 
German.) 


High-frequency modulation in waveguides is possible 
by Faraday effect. An example is given of realization 
allowed to reach a frequency modulation up to 10 mc. 


F. Dachert, J. Robieux and P. Trevoux (Cie gén. Télégr. sans Fil, 
Paris), “Nouvelles applications des ferrites en hyperfréquence,” 
Ann. Radioélectr., vol. 14, pp. 17-30; January, 1959. (In French.) 


2.3 Nonlinear Circuits and Quantic Networks 


2.3.1 Semi-conductor devices: Improvements were 
brought up to classical mixers for radio links in the 
4000-mc band. 

R. Bergere (LMT Boulogne-Billancourt), “Mélangeurs haut et bas 


niveaux pour faisceaux hertziens,” Onde électrique, special suppl. 
no. 376 ter, pp. 494-498; March, 1959. (In French.) 


The Eidgendssische Technische Hochschule, Ziirich, 
has published a paper on frequency mixing in the UHF 
band. 


F. Furrer, “Ueber Frequenzumsetzung im Mikrowellenbereich,” 
Juris-Verlag, Ziirich, dissertation ETH No. 2864; 1959. (In Ger- 
man.) 


Some new theoretical and experimental studies have 
been made concerning the possibility of developing a 
maser for submillimetric or infrared waves, at the Insti- 
tute of Physics of the University of Cologne. 

D. Geist, “Sind die Landaus niveaus der freien Trager fiir einen Sub- 


millimeterwellen Halbleisermaser ausmitzbar?” Z. Naturforschg., 
pt. a, vol. 14, p. 752; August, 1959. (In German. ) 


At the Atomic Energy Center, in Saclay (France), 
Combrisson and Solomon study the silicon at the tem- 
perature of liquid helium: 


J. Combrisson and I. Solomon, “Polarisation dynamique du silicium 
29 a basse température,” J. Phys. Radium, vol. 20, p. 683; July, 
1959. (In French. ) 
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Several writers give equivalent schemes for the para- 
metric amplifiers using variable-capacitance silicon 
diodes; these theoretical studies end in an evaluation of 
the gain-bandwidth product, stability and noise figure. 


J. C. Simon, “Action d’une perturbation progressive sur une onde 
électromagnétique guidée,” Ann. radioélectricité, vol. 14, pp. 3-16; 
January, 1959. (In French.) 

W. Dahlke, R. Maurer, and J. Schubert, “Theorie des Dioden-Reak 
tanzverstirkers mit Parallelkreisen,” Arch. elekt. Ubertragung., 
vol. 13, pp. 321-340; August, 1959. (In German. ) 

A. P. Speiser, “Parametrische Resonanz und Parametrische Ver- 
stirker,” Sci. électr., vol. 5, pp. 61-75; June, 1959. (In German.) 


2.3.2 Devices using magnetic resonances: An approach 
is made by several workers in France (especially at the 
University of Grenoble), with the object of having a 
better knowledge of the solid-state phenomena in- 
volved in the ferromagnetic materials. 


R. Pauthenet, “Résultats expérimentaux sur le blocage du moment 
magnétique de lion terre rare dans les grenats,” J. Phys. Radium, 
vol. 20, p. 388; February—March, 1959. (In French.) 

J. Pauleve, B. Dreyfus, and M. Soutif, “Résonance ferrimagnétique 
des ferrites et grenats 4 température de compensation,” J. Phys. 
Radium, vol. 20, p. 355; February—March, 1959. (In French.) 

R. Aleonard and J. C. Barbier, “Etude paramagnétique 4 haute tem- 
pérature des ferrites grenats de terres rares,” J. Phys. Radium, vol. 
20, p. 378; February—March, 1959. (In French.) 

G. Villers, R. Pauthenet, and J. Loriers, “Propriétés magnétiques des 
ferrites du type grenat substitués par Al, Ga et Cr,” J. Phys. 
Radium, vol. 20, p. 382; February—March, 1959. (In French. ) 

G. Asch, “Résonance magnétique du cobalt polycristallin 4 35,500 
MHz en fonction de la température,” Compt. Rend. Acad. Sci. 
(Paris), vol. 248, no. 6, pp. 781-784; February 9, 1949. (In 
French.) 


Some experimental studies are made that end in the 
realizations of ferromagnetic parametric amplifiers. 


G. A. Boutry, “Amplificateurs paramétriques et annihilation de 
Vhystérésis ferromagnétique par polarisation orthogonale,” Compt. 
Rend. Acad. Sci. (Paris), vol. 248, no. 3, pp. 384-386; January 19, 
1959. (In French.) 
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2.3.3 Solid-state masers: Theoretical studies concern- 
ing the possibilities of the several quanta transitions be- 
tween Zeeman Sublevels, and the shapes of the lines, 
have led to an experimental work. 


J. M. Winter, “Etude théorique et expérimentale des transitions a 
plusieurs quanta entre les sous-niveaux Zeeman d’un atome,” 
Ann. Phys., vol. 4, pp. 746-811; July-August, 1959. (In French.) 


Groschwitz studied the probabilities of transition in 
the electromagnetic perturbation energy, taking into 
account the phases of the waves. 


E. Groschwitz, “Zur theorie des Masers,” Z. Naturforsch., pt. a, vol. 
14, pp. 305-307; March, 1959. (In German.) 


A special microwave circuitry is developed with the 
aim of measuring physical constants of the matter, 
especially relaxation times, life time of the levels. The 
radio-frequency spectroscopy has made much progress 
improving the maser techniques. 


M. Bruma, “Circuits hyperfréquences utilisables en spectroscopie 
paramagnétique électronique,” Onde électrique, special suppl. no. 
376 ter, pp. 547-549; March, 1959. (In French. ) 

M. Jacubowicz and J. Uebersfeld, “Effet Overhauser et double 
effet dans les fluides adsorbés sur le charbon,” Compt. Rend. Acad. 
Set., vol. 249, no. 25, pp. 2743-2745; December 21, 1959. (In 
French.) 

R. Kronig, “Fysisch onderzoek met microgolven,” Tijdschr. Nederl. 
Radtogenootsch., vol. 24, no. 2-3, pp. 113-117; 1959. (In Dutch.) 

A. Landesman, “Etude de la relaxation d’une voie paramagnétique 
par observation de signaux de résonance nucléaire,” J. Phys. 
Radium, vol. 20, p. 937; December, 1959, (In French.) 

G. Raoult, R. Fanguin, and A. Chabrier, “Polarisation rotatoire 
magnétique de sels paramagnétiques Fe, Cr 4 10,000 MHz,” Arch. 
Sci. (Geneva), vol. 12, fasc. spécial, pp. 215-225; 1959. (In 
French.) 

G. Berthet, F. Blanc, J. Grangeon et G. Raoult. “Spectre de réso- 
nance paramagnétique électrique du chromicyanure de potassium.” 
Arch. Sct. (Geneva), vol. 12, fasc. spécial, pp. 226-233; 1959. (In 
French.) 
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Report of Advances in Microwave Theory and 
Techniques in Japan—1959" 


KIYOSHI MORITA, SENIOR MEMBER, IRE 


INTRODUCTION 


HIS report on advances in theory, experiments, 

and applications of the microwave field is based 

on papers appearing in the Journal of the Institute 
of Electrical Communication Engineers of Japan, which 
is the most widespread and well-esteemed journal in the 
communication and electronics field in Japan. Advances 
in the realms of microwave sources, detectors, trans- 
mission lines, measurements, radiation, and propaga- 
tion are mentioned. 


SOURCES AND DETECTORS 


The traveling-wave-type parametric amplifier con- 
sisting of a periodically loaded transmission line with 
variable capacitance diodes was analyzed theoretically 
by using a 7 matrix of each stage which was reduced 
into a diagonal form [1]. Gain and noise figure charac- 
teristics were studied in this analysis. This theory was 
extended to another one [2], in which a new operator 
was introduced for the analysis. The operator is a pro- 
duct of a diagonal matrix expressing the pump phase 
relation and a J matrix of a basic section of a periodi- 
cally distributed parametric amplifier. Power gain of the 
amplifier was determined by the use of the character- 
istic vectors which are derived from the characteristic 
roots of this operator in the case of the synchronous 
pumping.’ 

[1] S. Saito, “Transmission line involving parametric elements, 
especially on periodically distributed parametric amplifier,” 


J. Inst. Elec. Commun. Engrs. Japan, vol. 42, pp. 573-579; June, 
1959. 

[2] K. Kurokawa and J. Hamasaki, “An analysis of periodically dis- 
tributed parametric amplifier,” ibd., vol. 42, pp. 579-585; June, 
1959. 


The nonlinear barrier capacitance of a silver bonded 
diode, which is composed of a silver whisker including 
gallium and an N-type germanium, was studied experi- 
mentally. The ratio of the variable capacitance to the 
constant one of the diode was very large in comparison 
with that of the usual variable capacitance diode. Cutoff 
frequency of the diode was as large as more than 400 
kmc. The electrical forming was the most important 
process for the good characteristics of the diode, and the 
best condition of this process was determined. 


* Received by the PGMTT, April 29, 1960. 

+ Tokyo Inst. Tech., Tokyo, Japan. ; SAnoe 

1 The contents of this paper were also published in K. Kurokawa 
and J. Hamasaki, “Mode theory of lossless periodically distributed 
, parametric amplifiers,” IRE TRANS. ON MicrowAvE THEORY AND 


TECHNIQUES, vol. MTT-7, pp. 360-365; July, 1959. 


[3] S. Kita and K. Sugiyama, “The nonlinear capacitance of silver 
bonded diode,” zbid., vol. 42, pp. 1186-1192; December, 1959. 


The available output power of a ferrite parametric 
oscillator was discussed theoretically. In an ideal case 
in which RF fields of the signal and idler are uniform 
in a spherical ferrite sample, a magnitude of a uniform 
precession increases as the pump power becomes large. 
However, the magnitude cannot exceed a certain value 
after the generation of oscillation, even though the 
pump power increases. Power loss in the sample, except 
that due to the excitation of the uniform precession, 
may be neglected. If the RF fields in the sample are not 
uniform, further loss due to the nonuniformity increases 
with the pump power. Therefore, actual available power 
is limited by the loss in the sample. 


[4] T. Hashimoto, “Theoretical consideration on the output power 
of Mavar,” zbid., vol. 42, pp. 1193-1199; December, 1959. 


A disk-on-rod circuit, which is composed of a disk- 
loaded inner conductor and an outer shield, was studied 
as a slow wave circuit of a traveling-wave tube. The 
coupling between a higher order mode of the circuit and 
an electron beam, which flowed axially, was analyzed. 
Formulas for the phase constants and coupling imped- 
ances of the lowest and higher modes were derived. For 
the convenience of designing the circuit, cutoff frequen- 
cies, phase constants, and coupling impedances for the 
specified frequencies were given in figures. The meas- 
ured values of the guided wavelength were in good 
agreement with the theoretical ones. 


[5] K. Ura, M. Terada, and E. Sugata, “Analysis of higher mode 
operation of disk-on-rod type traveling wave tubes,” zbid., vol. 
42, pp. 145-150; February, 1959. 


A traveling-wave tube with a cavity as an input 
buncher was proposed for an efficient frequency multi- 
plier. The effect of a drift space between input buncher 
cavity and output helix of the traveling-wave tube on 
the harmonic generation was studied theoretically, and 
the efficiency could be remarkably increased by choosing 
the length of the drift space properly. The experimental 
results on the determination of the optimum lengthof the 
drift space agreed substantially with the theoretical 
ones. The fifth harmonic power of —25 db below the in- 
put power of 4160 mc was obtained experimentally. 


[6] K. Morita and M. Kawamura, “Effect of drift space on the 
harmonic power by cavity type traveling wave tube,” ibid., vol. 

42, pp. 159-164; February, 1959. 
The space charge effect in a reflex klystron was stud- 
ied analytically by the successive approximation 
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method. Formulas of correction factors due to space 

charge for a bunching angle and a phase angle were de- 

rived. In case of rather large transit cycle, the bunching 
efficiency was expressed approximately in the form of 

a simple equation. The results were proved to be ap- 

plicable to the usual reflex klystron, and also may be 

useful in evaluating the space charge effect of the reflex 
klystron. 
[7] M. Terada, H. Hamada, and E. Sugata, “Space charge effects in 
reflex klystron,” ibid., vol. 42, pp. 591-597; June, 1959. 

A transfer function of an O-type backward-wave os- 
cillator was obtained assuming that the tube acts as a 
linear device and that steady-state frequency response 
may be expressed approximately by power series ex- 
pansion of a pair of poles [8]. Build-up time of the 
oscillator output and frequency pushing characteristics 
may be derived from this function. The output signal 
for the pulsed backward-wave amplifier may be calcu- 
lated through the use of the Laplace transformation. 
Furthermore, the frequency pushing characteristics of 
an O-type backward-wave oscillator were analyzed in 
detail, taking the effects of space charge and circuit 
loss into account [9]|. The results were confirmed experi- 
mentally by a helix-type backward-wave oscillator, and 
were in good agreement with measured values. 

[8] I. Sakuraba, “Transfer function of the O-type backward-wave 
oscillator,” ibid., vol. 42, pp. 750-754; August, 1959. 

[9] I. Sakuraba, “Anlaysis of the O-type backward-wave oscillator 
frequency pushing,” zbid., vol. 42, pp. 810-815; September, 1959. 

Reduction of the beam noise was studied with respect 
to the power theorem. It is impossible to remove the 
beam noise in the slow wave, but the beam noise in the 
fast wave may be reduced because of the fact that the 
slow wave carries the negative power, whereas the fast 
wave has the positive one. Cavity coupler and helix 
coupler for a fast wave amplifier such as a parametric 
amplifier were proposed for the removal of the beam 
noise. The optimum noise figures were given theoretically 
in both cases. 

[10] S. Saito, “Some consideration of beam noise reduction from the 
point of power theorem, especially on fast wave amplifier,” ibid., 
vol. 42, pp. 221-225; March, 1959. 

A novel theory on the minimum noise figure of a 
traveling-wave tube was derived. This is based on the 
Haus-Robinson theory concerning the minimum noise 
figure and the earlier theory on the noise reduction at 
the potential minimum plane proposed by Watkins. 
Higher current density at the potential minimum plane 
is more desirable and extreme low-noise figure, for exam- 
ple 2.2 db for 1000 mc, may be obtained, if current den- 
sity as high as 300 ma/cm? at the potential minimum 
plane could be realized near the temperature-limited 
region. A divergent electron gun with a very small 
cathode area should be used for a low-noise traveling- 
wave tube, because large beam current is undesirable 
for that type of tube. 


[11] T. Ohkoshi, “On the minimum noise figure of traveling wave 
tubes—a theory considering the noise of the potential minimum 
plane,” zbid., vol. 42, pp. 833-838; September, 1959. 
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TRANSMISSION LINES 


Advanced surface waveguides composed of thin di- 
electric sheets were proposed as a low-loss transmission 
line. The electric field is parallel to the dielectric sheet in 
the field configuration of the propagation mode. Two 
examples of O guide, which consists of a hollow cylin- 
drical thin dielectric, and X guide, having an X-shaped 
dielectric structure in cross section, were described. The 
TE fundamental mode for the O guide was analyzed 
and its theoretical characteristics as a transmission line 
were discussed. A practical guide, such as thin poly- 
ethylene tube, is suitable for the SHF region, where the 
attenuation constant is lower than that of the coaxial 
line, G-line, and rectangular waveguide.? 


[12] M. Sugi and T. Nakahara, “Surface wave transmission line com- 
posed of dielectric sheet,” zbid., vol. 42, pp. 731-737; August, 
1959. 


A new variational principle was proved for the de- 
termination of the propagation constant of waveguide 
with wall impedance. The effect of the small wall im- 
pedance on the propagation constant and the separation 
of a degeneracy was discussed in detail. These results 
were compared with that from the perturbation method, 
which was improved to be applicable to a waveguide 
with inhomogeneous media. In this analysis, not only 
the TE and TM modes but also the TEM and hybrid 
modes may be treated simultaneously. 


[13] K. Kurokawa, “Propagation constants of waveguides with wall 
impedances,” zbid., vol. 42, pp. 60-61; January, 1959. 


In a taper-type circular electric mode transducer, un- 
wanted modes were analyzed in the excitation of the 
TE: mode. Telegraphist’s equations of the transducer 
were derived in an oblique coordinate of a helix system 
by introducing the expanded transverse fields in terms 
of normal mode functions of sector waveguides into 
Maxwell’s equations. From these telegraphist’s equa- 
tions inhomogeneous second-order linear differential 
equations were obtained. Magnitudes of the unwanted 
modes were determined by integrating these equations 
numerically. The theoretical values of the unwanted 
TEu, TEs, TEs1, and TMu modes were in good agree- 
ment with measured values. 


[14] S. liguchi, “Mode conversion in excitation of TE wave through 
TE mode transducer,” ibid., vol. 42, pp. 1213-1219; December, 
1959, 


An adjustable phase shifter for the circular electric 
mode was proposed. A movable dielectric rod is located 
coaxially inside a’concentric dielectric layer in a circular 
waveguide. There is an optimum ratio between the 
radii of the rod and the circular waveguide. 


[15] S. Kumagai and N. Kumagai, “An adjustable phase shifter for 
circular electric mode,” ibid., vol. 42, p. 61; January, 1959. 


* The contents of this paper also appeared in M. Sugi and T 
Nakahara, “O-guide and X-guide: an advanced surface wave trans- 
mission concept,” IRE TRANS. ON MICROWAVE THEORY AND TECH- 
NIQUES, vol. MTT-7, pp. 366-369; July, 1959. 
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MEASUREMENTS 


Tensor permeability and dielectric constant of ferrite 
were measured by the use of a rectangular cavity of the 
TEior or TMi. degenerate mode at 7 kmc. In this 
method all components of the permeability and dielec- 
tric constant can be measured by changing the position 
of a thin disk ferrite sample in the cavity. Errors due 
to slight unsymmetry of the sample or cavity were 
evaluated by the perturbation method. The measured 
values were compared with that from the resonant 

_theory. 
[16] F. Okada, “Measurement of ferrite constants by rectangular 
cavity resonators,” ibid., vol. 42, pp. 758-764; August, 1959. 

Microwave measurements employing spark waves as 
a microwave source were proposed. Because of the 
wide-band frequency spectrum characteristics of the 
spark waves, circuit constant cannot be measured di- 
rectly. In a case of VSWR measurement, a measured 
value may be transformed into a real value by known 
frequency characterisitcs of band-pass filter connected 
at the output of the source. 


[17] T. Kawano, “Measurements of microwave circuit elements em- 
ploying spark waves,” ibid., vol. 42, pp. 62-63; January, 1959. 


RADIATION AND PROPAGATION 


Radiators of an Echelette grating spectrometer for 
millimeter waves were studied in order to obtain a gen- 
eral understanding about the operating principle using 
an analogy for an optical instrument. To avoid the near- 
zone effect, electromagnetic horns with small apertures 
were employed. It was shown both theoretically and 
experimentally that an inevitable phase error due to 
spherical phase fronts of horns was allowable up to 
about 120°. Although a large parabolic mirror has a 
complicated radiation pattern in the near-zone region, 
the phase front deviation from a plane wave is no more 
than a few tens of degrees. Therefore, the performance 
of the spectrometer is satisfactory even for a short dis- 
tance between the antenna and the grating. 


[18] T. Sueta, “A study on antenna for millimeter wave grating 
spectrometer,” ibid., vol. 42, pp. 677-683; July, 1959. 


To transmit microwaves over a mountain, two large 
flat conducting plates located close to each other are 
often used as reflectors for a passive repeater, which is 
called the passive repeater of the second kind. Since 
this system may be considered as a special application 
of a microwave periscope, the propagation loss may be 
calculated through an analysis of a receiving antenna in 
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the Fresnel zone. The results were compared with that 
determined through the scattered field by the Huygens 
principle, and they agreed with each other. 


[19] T. Soejima, “Passive repeater of the second kind using double 
flat reflectors,” ibid., vol. 42, pp. 502-507; May, 1959. 


In a case where the plane wave was incident to a thin 
dielectric spherical shell, an internal electromagnetic 
field was calculated approximately from Maxwell’s 
equations by a direct integral method. From this anal- 
ysis a simple formula for a back-scattering cross sec- 
tion was derived which may be applicable for the whole 
range of ka(k=27/), and a is a radius of the shell) and 
the refraction coefficient of the shell. 


[20] A. Yokoyama, “Back-scattering of a thin dielectric spherical 
shell,” zbid., vol. 42, pp. 36-39; February, 1959. 


Effective reflection coefficients of snow surfaces were 
measured over a snow-covered terrain of 100 meters dis- 
tance in the X band, and were compared with that of 
the 4-kmc band. Dependence of the effective reflection 
coefficient on the complex dielectric constant of snow 
was studied, and a new parameter, derived from 
Fresnel’s reflection equation, was introduced. The di- 
electric properties of snow had a fairly large influence 
on the variation of the effective reflection coefficients, 
which was considerably greater than that given in the 
4-kmce band. If the snow surface was rough, larger scat- 
tering of the incident wave was obtained at 9 kmc than 
at 4kmce. 


[21] M. Suzuki, “Equivalent reflection coefficient in 9-kmc band 
propagation over snow covered terrain,” 2bad., vol. 42, pp. 490— 
405; May, 1959. 


Microwave fading and fluctuation of communication 
quality in microwave relay links were studied statisti- 
cally in order to find a communication transmission 
standard. Many fundamental propagation tests and 
measurements of fading and thermal noise at actual 
microwave links were carried out. Analysis was made 
from numerous measured values, and important factors 
for the design of the microwave radio links were clari- 
fied. 


[22] K. Morita, “Fading of microwave relay links,” zbid., vol. 42, 
pp. 923-929; October, 1959. 
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The Design and Measurement of Two Broad- 
Band Coaxial Phase Shifters* 


C. F. AUGUSTINE anp J. CHEAL,} MEMBER, IRE 


Summary—Two mechanical (servo-driven) phase shifters were 
developed in response to systems requirements of low torque, com- 
pactness, octave bandwidth, and linear relation between mechanical 
motion and phase shift. One phase shifter relies upon the axial mo- 
tion of a dielectric slug through a helix wound from modified minia- 
ture rigid coaxial cable. The second design consists of a 3-db coupler 
with ganged movable shorts on two ports. The helix design displayed 
phase shift of 720 degrees at 3 kmc and linearity to within +3 
degrees. The coupler design is capable of achieving 720 degrees 
phase shift at 3 kmc and linearity within +2 degrees. A precision 
measuring facility (phase bridge) was developed for the purpose of 
determining the electrical performance of the phase shifters. A brief 
analysis is included to illustrate the prediction of maximum possible 
errors in the phase bridge and the phase shifters, in terms of trans- 
mission line parameters. 


INTRODUCTION 
ees phase shifters were developed to meet sys- 


tems requirements that were unusually demand- 
ing both electrically and mechanically. The re- 
quirements were essentially as follows: 


Electrical: 


1) Operation in the TEM mode from 2 to 4 kmc. 

2) Phase shift vs mechanical motion linear to within 
+3 degrees. 

3) Total phase shift of at least 400 degrees at 3 kmce. 

4) Insertion loss of less than 3 db. 


Mechanical: 


1) Low torque. 

2) Small size. 

3) Rugged construction. 

4) Simple mechanical motion. 


The two designs meet these requirements through 
novel techniques employed to obtain both the electrical 
accuracy and the small size. 

At the outset of the development program, it was 
recognized that an accurate test facility would be nec- 
essary to determine electrical performance. An S-band 
phase bridge was designed for this purpose. At the con- 
clusion of this paper, a brief explanation of this phase 
bridge and an analysis of maximum possible measure- 
ment errors are given. 


HELICAL PHASE SHIFTER 


In this device phase shift is the result of axial motion 
of a cylindrical slug through a helical transmission line. 
The slug and transmission line are shown in Fig. 1. 


* Received by the PGMTT, July 31, 1959; revised manuscript 
received, February 8, 1960. Presented at IRE-PGMTT Nat'l. Symp. 
Harvard University, Cambridge, Mass., June 1-3, 1959, 

} Research Div., Bendix Aviation Corp., Detroit, Mich. 
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Fig. 1—Helix and dielectric slug. 


The slug is comprised of low loss material having a 
high dielectric constant, and is available under the 
trade name of Stycast. It has a dielectric constant and 
loss tangent of about 15 and 0.001, respectively, from 2 
to4kmc. 

The helix is 2.25 inches long with an inner diameter 
of 0.450 inch. It is fabricated from miniature 50-ohm 
coaxial cable which has an outside diameter of 0.085 
inch. The outer shield is solid copper and the center 
conductor is supported by a solid dielectric of teflon. A 
portion of this cable is machined away until the center 
conductor is exposed but still firmly supported by the 
dielectric. The helix is formed by wrapping the ma- 
chined coax on a removable cylindrical mandrel and 
soldering the outer shield of successive turns together. 

The cylindrical coax is tapered into the machined 
coax at both ends of the helix to effect a smooth wide- 
band electrical transition. The dielectric slug is also 
tapered to provide a better impedance match. The clear- 
ance between the outside diameter of the dielectric slug 
and the inside diameter of the helix is about 0.002 inch. 
This clearance must be kept small so that the high di- 
electric constant material will have maximum effect 
on the rather weak fringing fields around the exposed 
center conductors. 

Fig. 2 shows how helix and slug are assembled. The 
helix is potted into the barrel assembly. It is supported 
during the potting process with a mandrel, which as- 
sures that the ID of the helix will remain concentric 
with the lead-screw bearings. The slug is mounted on 
the lead screw, which is in turn driven by the servo 
motor through a gear train. . 


_1960 Augustine and Cheal: Design and Measurement of Two Broad-Band Coaxial Phase Shifters 399 


— 


4 
eo) 


8471 


SLUG TRAVEL - INCHES 


Fig. 2—Partially assembled helical shifter. 
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A typical curve of the relation between slug penetra- 0.4 
tion into the helix and phase shift is shown in Fig. 3. 
Total phase shift for 1.8 inches of slug penetration is 02 
490 degrees at 2.97 kme and is linear to within +3 de- 
grees. Maximum insertion loss at 3 kmc is less than 2 db. » +Z 
If lower loss is desired, a slug formed of Alite or an alu- : ey Ie oO Ba eee 


. . : 5 a J PHASE SHIFT - DEGREES 
minum oxide of equivalent properties would give some 


improvement over the Stycast. From 2 to 4 kmc, the loss 
tangent and dielectric constant of this material are 
about 0.0007 and 8.5, respectively. 

The maximum VSWR measured as a function of slug 
position was 1.5; however, a large portion of this mis- 
match can be attributed to the input and output con- ow 
nectors. Although the unit was designed to operate pri- 
marily over the frequency range of 2 to 4 kmc, the phase 
shift characteristics were checked at both higher and 
lower frequencies. Fig. 4 shows a plot of phase shift vs 
slug travel at 500, 1000, 2000, 4000, and 8000 mc. These 
curves indicate that the device is usable over this entire 
range, with total phase shift linearly related to fre- 
quency. VVC 

Aside from the phase-shifter applications, this helical — o» PAA — 
transmission line has been used for testing ferrites and ‘La 
absorbing material. A compact variable attenuator can 
be fabricated by inserting a slug of high loss material Fig. 4—Phase shift vs slug penetration at various frequencies. 
into the helix. 


Fig. 3—Phase shift vs slug penetration at 2.97 kmc. 
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PHASE SHIFTER UsinG 3-DB CouPLER 


The second type of phase shifter utilizes an operating 
principle based on the variation of line lengths. Fig. 5 
is a schematic representation of this operating principle, 
which is well-known in connection with waveguide 
hybrids. Opposite ports of the 3-db coupler are termi- 
nated with movable shorts. The terminated line lengths 
are kept equal by a suitable ganging technique. With 
equal power split between the two terminated ports, ee 
the reflected power is added at the fourth port and can- <a 
celled at the input. Phase difference between input and 
output is then a function of /. In this phase shifter, a 

_ change in the short positions by one-half wavelength 
corresponds to 360 degrees of phase shift. 


INPUT « aed * 


Fig. 5—Relation between input and output 
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Fig. 6 shows the 3-db coupler with input and output 
connections. The coaxial leads are brought in through 
the sides of the housing cylinder. The flat strips in the 
center of the cylinder form the broadband coupling 
section and are one-quarter wavelength long at the 
center of the frequency band. The two ports that are 
terminated with the movable shorts are brought around 
on the front side of the cylinder and curved around the 
outer periphery. 

In Fig. 7, the coaxial line is shown with a portion of 
the cable machined away to expose the inner conductor. 
A coaxial line having an outside diameter of 0.141 inch 
is used for this purpose. Sliding contacts short the 
center conductor to the outer shield, and phase shift 
is accomplished by a rotary motion of the arm. 

The 3-db coupler characteristics are shown in Fig. 8. 
The coupling is almost exactly 3 db from 2.7 to 3.3 


Y 
°o 
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Fig. 8—Characteristics of 3-db coupler. 
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kmce, and less than 0.5 db deviation was measured from 
2 to 3.9 kme. The slight departure from equal power 
division will contribute to an impedance mismatch at 
the input port. The reflected power resulting from this 
mismatch will not affect the phase linearity if multiple 
reflections are suppressed with a matched line looking 
back from the input port. However, any discontinuities 
in the input line will contribute to phase nonlinearity. 
For example, if the connector on the input port has a 
VSWR of 1.2 and the coupling is 3.5 db rather than 3 
db, it can be shown that this combination can lead toa 
maximum deviation from linearity of 2.5 degrees. 

The curve relating radial displacement of the ganged 
shorts to phase shift at 3 kmc is given in Fig. 9. The 
maximum departure from the linear curve is less than 
+2 degrees. 

A complete assembly with speed-reduction gears and 
servo drive is shown in Fig. 10. The unit is less than 3 
inches high, including the servo motor, and is 3.25 
inches in diameter. 
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Fig. 9—Phase shift vs radial displacement. 
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Fig. 10—Complete assembly. 
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MEASUREMENT TECHNIQUES 


As mentioned previously, an S-band phase bridge 
was developed for the measurement of the phase-shifter 
performance. A block diagram of the bridge is shown in 
Fig. 11. Bridges of this type are preferred over slotted 
lines in phase measurement because greater accuracy 
and resolution can be obtained. 

Power division and recombination is accomplished by 
two 3-db stripline couplers. The standards are com- 
mercially-available coaxial line stretchers that have 
been equipped with a precision mechanical movement. 
Fixed coaxial attenuators are placed at the inputs and 
outputs of the line stretchers to guarantee good imped- 
ance match at these ports. 

There are two principal sources of error in the phase 
bridge. The first results from the fact that the line- 
stretcher standards do not face perfect impedances. 
The other comes about because the device to be meas- 
ured is inserted between terminals that deviate slightly 
from the nominal impedance. A simple method of de- 
termining maximum possible errors of the first type is 
illustrated in Fig. 12. The line stretcher is assumed per- 
fect, but there are impedance discontinuities at the in- 
put and output terminals resulting in reflection coeff- 
cients g; and ge. These reflection coefficients will cause a 
departure from linearity in the mechanical displacement 
vs phase-shift characteristic. The exact magnitude of the 
departure can be found by adding up all the terms re- 
sulting from multiple reflections just to the left of @, 
dividing by the voltage that would be obtained at this 
point if g, and g: were zero, and taking the argument of 
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Fig. 11—S-band bridge. 
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Fig. 12—Maximum departure from linearity as a function 
of two impedance discontinuities. 
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the complete expression, 7.¢., 


N 
Ds (qigo) eB OND! 
angular departure = ARG : ‘i u(t) 
e/ 


For small reflection coefficients, the maximum depar- 
ture is found with sufficient accuracy as, 


maximum departure = arc tan | qi | qo| : 


For example, in the line stretchers used in the phase 
bridge, 


|qu| = | g2| = 0.09, 


which results in a maximum departure or possible error 
of +0.5 degrees. 

If the discontinuities represented by gq; and gq: are 
part of the phase shifter under consideration (they 
may, for example, be connectors at the input and out- 
puts), then the deviation just described is not an error 
but is a part of the performance characteristics. If the 
device is measured between perfect impedances, there 
is no question but that a true insertion phase measure- 
ment is made. In practice, however, this cannot be the 
case and confusion may arise since deviation from the 
expected characteristic is partially due to impedance 
irregularities at the terminals of the device and par- 
tially due to deviations at the terminals of the testing 
facility. For example, the situation may be as shown in 
Fig. 13. Reflection coefficients gs; and qs may be due to 
connectors at the ports of a phase shifter to be tested, 
and gq, and q may be reflection coefficients at the ports 
of the measurement facility. It is possible to have a line 
length between gq: and q; such that the reflection coefh- 
cient g; looking back from the phase shifter has a maxi- 
mum value given by 


las] + | a2|?) 
1+ Jal | 4! 


(3) 


mas ap | qu| ote 


| 4g 


A similar expression relates go with g2 and qs. When all 
reflection coefficients are small, the maximum possible 
error is very nearly given by 


maximum possible error 


| go| — arc tan |as| | gal. (4 


TALC SEAU | Vi 
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Fig. 13—Maximum possible error caused by impedance 
deviations at the bridge terminals. 
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The maximum possible error that can occur during a 
measurement on a phase bridge is therefore equal to the 
sum of (2) and (4), and is always a function of the devia- 
tion from nominal impedance at the terminals of the 
device under test. However, it is very unlikely that the 
line lengths between discontinuities would be arranged 
so that the error would achieve the maximum possible 
value during any measurement. 

Unequal power division between the two bridge arms 
will introduce no direct error. However, if the inequality 
is large enough to decrease appreciably the sharpness of 
the output null, error may be introduced because of in- 
creased uncertainty in the exact setting of the line 
stretchers. 


CONCLUSION 


Both phase shifters have the advantage of small 
physical size, potential rugged construction and linear 
relation between phase shift and mechanical motion. 
The low driving torque necessary to accomplish phase 
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shift is an attractive feature for servo-control applica- 
tions. 

The helical phase shifter has a bandwidth advantage 
over the coupler type but has a greater insertion loss. 
The bandwidth of the helix phase shifter extends from 
UHF up through C band, whereas the bandwidth of the 
coupler type is limited to less than an octave. However, 
the linearity of the coupler type is somewhat greater 
than in the helical phase shifter. Both designs are in- 
tended for low-power receiver types of applications, 
and maximum power-handling capacity has not been 
determined. 

For precise phase measurements, bridge methods are 
recommended rather than slotted-line techniques. The 
chief source of measurement error is caused by interac- 
tions between impedance deviations at the terminals of 
the phase shifter and deviations at the terminals of the 
testing facility. The maximum possible phase errors that 
can occur as a result of the deviations can be calculated 
by the methods that have been given. 


A Dielectric Resonator Method of Measuring In- 
ductive Capacities in the Millimeter Range* 


B. W. HAKKIf anp P. D. COLEMANT, MEMBER, IRE 


Summary—A novel technique for the measurement of dielectric 
and magnetic properties of a homogeneous isotropic medium in the 
range of approximately 3 to 100 kmc is described. An accuracy of 
++ 0.1 per cent is possible in the determination of permittivity or per- 
meability in those cases where the loss tangent is sufficiently small. 
The measuring structure is a resonator made up of a right circular 
cylindrical dielectric rod placed between two parallel conducting 
plates. For measurement of permittivity two or more resonant TEon1 
mode frequencies are determined whereas for the measurement of 
permeability two or more resonant T7M,,; mode frequencies are de- 
termined. The dielectric or magnetic properties are computed from 
the resonance frequencies, structure dimensions, and unloaded Q. 
Since the loss tangent is inversely proportional to the unloaded Q of 
the structure, the precision to which Q is measured determines the 
accuracy of the loss tangent. 


I. INTRODUCTION 


OST of the methods for the measurement of 
4 dielectric and magnetic properties of materials 


at microwave frequencies fall into the following 


* Received by the PGMTT, December 24, 1959; revised manu- 
script received, February 15, 1960. This work was sponsored by the 
U.S. Atomic Energy Commission under Contract No. AT(11-1)-392. 

} Elec. Engrg. Res. Lab., University of Hlinois, Urbana, Ill. 


categories: perturbation techniques, optical methods, 
transmission line methods, or exact resonance methods. 
The perturbation techniques have notably been used 
in ferrite measurements where a small piece of the ma- 
terial to be measured, either in the form of a disk or a 
sphere, is placed in a metallic resonant cavity operating 
in a known mode and the shift in resonant frequency and 
the Q of the structure is noted.!~ Optical techniques at 
microwave frequencies® are inherently suited for meas- 
urements below a wavelength of one centimeter, but 


'W. Von Aulock and J. H. Rowen, “Measurement of dielectric 
and magnetic properties of ferromagnetic materials at microwave 
frequencies,” Bell Sys. Tech. J., vol. 36, pp. 427-448; March, 1957. 

2 E. G. Spencer, R. C. LeCraw, and F. Reggia, “Measurement of 
microwave dielectric constants and tensor permeabilities of ferrite 
spheres,” Proc. IRE, vol. 44, pp. 790-800; June, 1956. 

* J. O. Artman and P. E. Tannenwald, “Measurement of perme- 
eit ee in ferrites,” Phys. Rev., vol. 91, pp. 1014-1015; August 

4 J.O. Artman and P. E. Tannenwald, “Microwave susceptibility 
measurements in ferrites,” J. Appl. Phys., vol. 26, pp. 1124-0000; 
September, 1955. 

_ 5 TLE. Talpey, “Optical methods for the measurement of complex 
dielectric and magnetic constants at centimeter and millimeter wave- 
lengths,” IRE TRANs. ON MICROWAVE THEORY AND ‘TECHNIQUES, 
vol. MTT-2, pp. 1-13; September, 1954, 
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their only drawback is that a relatively large amount of 
the material is needed. Finally, transmission line tech- 
niques have been applied widely®? but they have the 
very serious disadvantage of the very small waveguide 
size used below 4 mm, which gives rise to practical diffi- 
culties. All the above methods have a rather limited ac- 
curacy of the order of +1 per cent in the values of per- 
mittivity and permeability obtained. On the other hand 
an exact resonance method has recently been proposed 
by Karpova’ which gives an accuracy of $0.1 per cent. 
In this method a circular disk of the material to be 
measured is inserted in the gap of a reentrant cavity of 
known dimensions, Fig. 1, and the resonant frequency 
-and Q of the structure are measured from which the 
dielectric constant and loss tangent are obtained. This is 
a high accuracy method but the physical size of the 
resonant structure for the low millimeter range might 
pose a problem unless a high order mode cavity is used.° 
In order to circumvent the problem of physical size 
and still maintain a high accuracy, an open boundary 
resonant structure was used in the form of a dielectric 
rod, of the material to be measured, placed between 
two mathematically infinite conducting plates.!° 


II. GENERAL ANALYSIS 
A. Measurement of Permuttivity 


Let it be assumed for the present that the permeabil- 
ity of the material of interest is equal to that of free 
space, and it is required to measure the permittivity. 
Consider now a circular cylindrical rod of relative di- 
electric constant k, permeability uo, length Z, and radius 
a placed between two large perfectly conducting plates 
(Fig. 2). If the dielectric material is isotropic then the 
characteristic equation for this resonant structure oper- 
ating in the 7 E,n; mode is (see Appendix I) 


. J (a) ene K (8) 
J (a) K,i(6) 


where Jo(a) and Ji(a) are the Bessel functions of the 
first kind of orders zero and one, respectively, Ko() 


(1) 


6 C. Montgomery, “Technique of Microwave Measurements,” 
M.I.T. Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, 
N. Y., vol. 11; 1947. 

7A. R. Von Hippel, “Dielectric Materials and Applications,” 
John Wiley & Sons, Inc., New York, N. Y.; 1956. ant 

8 QO. V. Karpova, “On the absolute measurement of solid dielectric 
parameters by means of a a resonator, ” Soviet Phys., vol. 1 (Solid- 
State), pp. 220-228; February, 1959. 

9H. E. Bussey and L. A. Steinert, “Exact solution for a gyromag- 
netic sample and measurements on a ferrite,” IRE TRANS. ON MICRO- 
WAVE THEORY AND TECHNIQUES, vol. MTT-6, pp. 72-76; January, 
1958. 

10 This work has similar aspects to the exhaustive and excellent 
work done at Northwestern University by R. E. Beam, e¢ al., whose 
results are included in the final report, “Investigations on Multi- 
Mode Propagation in Waveguides and Microwave Optics”; Novem- 
ber, 1950. Also, a similar idea for a slow-wave resonant structure was 
independently proposed by Prof. R. Pantell and the details. carried 
out by Dr. R. Becker in his Doctoral dissertation, “The Dielectric 
Tube Resonator.” See also, R. H. Pantell, P. D. Coleman, and R. C. 
Becker, “Dielectric slow-wave structures for the generation of power 
’ at millimeter and submillimeter wavelengths,” IRE TRANS. ON 
ELEcTRON DEVICES, vol. ED-5, pp. 167-173; July, 1958. 
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DIELECTRIC MATERIAL 
TO BE MEASURED 


MOS 


Fig. 1—A reentrant cavity structure used by Karpova® to 
measure dielectric properties. 


DIELECTRIC ROD 


Fig. 2—Dielectric rod placed between two infinite parallel 
perfectly conducting plates. 


and K;,(8) are the modified Bessel functions of the sec- 
ond kind of orders zero and one, respectively. The pa- 
rameters a and 6 depend on the geometry, the resonant 
wavelength, and dielectric properties; thus 


Sot om) cs (<)] (2) 
Tee say ® 


c being the velocity of light and v, the phase velocity in 


the structure so that 
C Xo 
<-(*) (4) 
Up ME. 


where | is the number of longitudinal variations of the 
field along the axis, and Xo is the free space resonant 
wavelength. 

It is seen that the characteristic equation is a trans- 
cendental equation and hence a graphical solution is 
necessary. The resulting mode charts are given in Figs. 
3 and 4 where to each value of 8 there corresponds an 
infinite sequence {an} which solves (1); the definition 
of the subscript 7 is now self-evident. 
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Fig. 4—The solution of the characteristic equation for THon1 modes for n=4 up to 6. 
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Noteworthy in (1) is the fact that the characteristic 
equation and the resulting mode charts are “universal” 
as far as the permittivity is concerned. This makes pos- 
sible the use of the mode charts for practically all 
values of relative dielectric constants conceivable. 
Consider now the problem of determining the relative 
dielectric constant of a structure of known dimensions 
resonating in a 7Eon, mode with a resonant wavelength 
Xo. Eq. (4) is substituted in (3) which gives 


2ral (ldo \? ie 
No YL, 
But to 8, there corresponds an a, which can be obtained 
from the mode chart of the characteristic equation. 
Once the appropriate value of @, is obtained the relative 


dielectric constant can be immediately calculated from 
(2), assuming that the mode indexes ” and / are known, 


AnNo\? Lo \? 
a= (S) + (2). (5) 
27a Db 

However, in practice the most difficult aspect of the 
problem is the determination of the mode indexes. In 
the first place the modes of interest are restricted to the 
TEont which form a small portion of all the possible 
modes of operation, hence the method of excitation has 
to be such as to excite 7E,,; modes exclusively. Unfor- 
tunately, such a highly selective method of excitation 
is rather difficult to obtain, thus it should be expected 
that spurious resonances other than the 7E,,; modes 
will be present. In the second place, even after the ex- 
citation of the 7‘£,,,; mode is accomplished there re- 
mains the determination of 2 and J. The most obvious 
method of determining / would be by actually counting 
the longitudinal variations of the field by a perturbation 
technique. However, at wavelengths below 8 mm and 
for high relative dielectric constants, say about 1000, 
the spacing of the nulls along the cavity is of the order 
of 0.1 mm which is not all too easy to measure by 
a perturbation method; another method seems to be 
necessary. 

If the dielectric constant and cavity dimensions give 
rise to an a, and a B; which fall in a region of the mode 
chart where there is enough discrimination then a very 
simple procedure is possible. Suppose that a struc- 
ture with certain dimensions has a resonant frequency 
Xo; since the particular integral value of J is not known, 
a table of 61, obtainable from (3), is arranged for all 
values of / ranging from one up to any reasonable value. 
Now for each value of 8; several values of a, are ob- 
tained from the mode chart; next, for each pair of values 
(@n, 81) a dielectric constant is obtained from (5). An- 
other resonant cavity with different dimensions is de- 
. signed and the same procedure is repeated; the value of 
dielectric constant common to both sets of values is the 
correct value. To eliminate any ambiguity a third cavity 
is designed so as to resonate at a certain frequency by 
using the obtained value of x, and it is observed whether 


(3a) 
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the actual resonant frequency is close to the designed 
value to within certain tolerances. If the signal source 
has a wide enough frequency range and if the dielectric 
properties remain nearly constant throughout this range 
then it might be possible to use the same cavity and 
excite two different 7.1 modes. An illustrative exam- 
ple is given for teflon in Table I, which gives a value of 
2.044 for the relative dielectric constant at room tem- 
perature and a frequency of 35 kmce. 


TABC ES 


PROCEDURE FOLLOWED IN OBTAINING THE RELATIVE DIELECTRIC 
CONSTANT OF TEFLON AT 25°C. CAviTY DIMENSIONS ARE 
L=18.81 MM, a=14.44 MM; «=2.044. 


K 
Ao mm 
is (—G i 
n=1 93 1.979 2.654 
7 L638 Doi 2.925 
= 5) 2.044 2.656 32353 8.564 
—4 2 oy 3.248 
=F) SO id 
n=1 1.443 2.044 2.746 
—2 1.698 2.314 3.026 
=3 2.120 2.749 8.713 
=4 Dh lc SiS) 
— 3.493 


B. Measurement of the Loss Tangent 


Once the mode of operation and the dielectric con- 
stant are determined, it is a simple matter to derive the 
loss tangent of the dielectric material from a measured 
value of the unloaded Q of the structure. The unloaded 
Q of the cavity is defined as 27 times the ratio of the 
maximum energy stored to the energy lost in one cycle. 
The energy stored consists of energy within and outside 
the dielectric rod whereas energy losses consist of copper 
losses in the end walls and dielectric losses in the rod 
itself. An expression for the loss tangent of the material 
used can be derived and gives (see Appendix IT) 


A 
tand = ——B (6) 
where 
e J? (an) i = Ut Ay) 4 
kKy7(81) LJ ?(an) — Shi (7) 
and 


A IR: J1?(an) F Ko(61) Ko(81) — K?(61) 
B= — — 41+ 
Qa a Ky?(6)) i = Enid o 


where the terms have the usual definition, a, and B, 
being the solutions of the characteristic equation (1) for 
the particular mode for which the Qy of the structure 
has been determined, and R, is the surface resistance of 
the end walls, equal to (afu/o)/2, ¢ being the conduc- 
tivity. It is seen from (6) that when k>>1, as for ferro- 
electric materials, and end-wall losses are neglected, 
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then the loss tangent is approximately 
(Ena) 3 


0 


In order to facilitate computations a graphical plot of 
the factors involved in (7) and (8) has been prepared. 
Thus A and B can be written as 


1 
A= 1+ — F(a)G() (7a) 
ae [eRe fl ae 
Seaaares tech) (8a) 


where the definitions of F(a) and G(@) are self-evident. 
Plots of F(a) vs wand G(@) vs Bare given in Figs. 5 and 6. 
Finally, since this is an inherently high accuracy 
method it would be of interest to study the effect of 
losses on the resonant frequency. For this purpose the 
expressions derived by Slater! for the effect of losses 
can be used. If wo is the resonant frequency of the loss- 
less structure, and tan 6 is the dielectric loss coefficient 
of the medium, then the resonant frequency of the 
structure when dielectric losses are accounted for is” 


| e 21/2 
® = WO 1— \ | Fy 
2 


Now, for (4 tan 6)?1, (9) can be expanded and gives 
wo = w[1 + 3(tan 6)?]. (9a) 


(9) 


It is seen that even for a tan 6=0.1 the resulting shift in 
the resonant frequency is about 0.1 per cent. In addi- 
tion, effects of copper losses on the resonant frequency 
can be safely neglected. 


C. Measurement of Permeability 


The same technique can be applied for the measure- 
ment of permeability as that indicated above except for 
one difference: in order to get a characteristic equation 
which is “universal” for all permeabilities it would be 
necessary to use the 7 Mon: modes which give rise to a 
characteristic equation of the form 


aS (a) K(8) 
Ji(a) K,() 


(10) 


where the relative dielectric constant k has been re- 
tained in case the magnetic material has a permittivity 
different from that of free space, and the independent 
variables a and f are now given by 


al eae 
Bommel NOT 


J, Slater, “Microwave Electronics,” D. Van Nostrand Co., Inc., 


New York, N. Y.; 1950. ; ae 5 : i 
12 The results obtained by Slater are still valid in this case in spite 


of the lack of orthogonality of the eigenfunctions in the finite interval 
‘0 <r<a. 


(11) 
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u, being the relative permeability of the material. 
It is obvious from (10) that should the magnetic ma- 
terial have a relative dielectric constant equal to one 
then (10) becomes identical to (1), and the mode 
charts already obtained would be applicable; otherwise 
a new set of mode charts must be derived for each value 
of relative dielectric constant x. Once this is accom- 
plished the procedure follows through in an identical 
fashion to that for the determination of permittivity, 
and further exposition is not warranted. 


D. Experimental Details 


Consider next experimental aspects of the measure- 
ment of permittivity. It has already been pointed out 
that the modes relevant to permittivity measurements 
are the [Eni modes. In practice it has been found that 
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an iris coupling in the narrow side of a guide operating 
in the dominant TE mode gives satisfactory results. 
The resonant structure in this case behaves as a reac- 
tion type cavity; details of the structure are shown in 
Fig. 7. It was found to be almost imperative to incor- 
porate some tuning mechanism in the resonant structure, 
e.g., moving one end wall, in order to detect the struc- 
ture resonance on, for example, the saw-tooth modu- 
lated output of the klystron. This is due to the fact 
that most dielectric materials have rather large losses 
at microwave frequencies and hence give rise to low Q 
structures. In addition, the coupling may not be strong 
enough to give a noticeable depression on the bell- 
shaped output of the klystron as seen on an oscilloscope. 
Thus tuning the structure by moving one end wall was 
found to be helpful in locating the resonances.” The 
cavity can be placed in the microwave circuit in any of 
the conventional ways, e.g., either on line or by the use 
of a magic-T bridge. 

The Q of the resonant cavity is measured by any of 
several possible ways, the VSWR method" being used 
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Fig. 7—The dielectric rod cavity arrangement. A section of one end 
wall is driven by a vernier for tuning purposes. 


TABLE II 
DIeELEcTRIC CONSTANT AND Loss TANGENT OF SEVERAL MATERIALS AT ROOM TEMPERATURE AT A FREQUENCY OF 35 KMC 
Values Quoted by Other Authors 
4 Frequency 
Material K tan 6 Author K tan 6 ese 
Teflon _ 2,044 10x10 Von Hippel? 2.08 6X10 DS 
+0.2 per cent +10 per cent Handbook 2.08 6X10 25 
Polystyrene 2.543 S860 Von Hippel? 2.54 I Sei 25 
+0.2 per cent Karpova’ 2.495 4.9X104 y} 
Talpey® O52 92X10 36 
Lucite __ 2.580 501074 Von Hippel? yey | S2 kOe 25 
+0.2 per cent Handbook BeoT 32X10 25 


in this particular case. The results for several materials 


have been included in Table II. 


III. ConcLusIoNn 


By measuring the resonant frequency of a dielectric 
rod between two large parallel conducting plates it was 
possible to measure the dielectric constant of teflon, 
polystyrene, and lucite to an accuracy better than 
+0.2 per cent. The accuracy was limited by the prob- 
able error in the wave meter and errors in taking the 
dimensions of the samples. The error is much less for 
low loss materials, 7.e., high Q resonant structures, since 
the absorption curve of the resonant structure is more 
sharply displayed on the bell-shaped output of a saw- 
tooth modulated klystron. Errors in the mode chart 


_ 18 Needless to say, when data are taken the end walls should be in 
direct contact with the cylindrical rod. 
4 E. L. Ginzton, “Microwave Measurements,” McGraw-Hi 
Book Co., Inc., New York, N. Y.; 1957. Moher 


can be theoretically reduced to an arbitrarily small 
value through more accurate numerical computations. 
The loss tangent has errors in it which are inherent in 
those involved in measurement of Q. It is quite possible 
to use a frequency stabilized circuit such as that used 
by Von Aulock! to improve on the accuracy of Q meas- 
urements. It should be pointed out, however, that this 
method would lose its main advantage—accuracy—in 
those cases where both the dielectric and magnetic prop- 
erties are simultaneously unknown and an auxiliary 
technique is used to determine one or the other. 

One of the interesting features of this scheme is its 
possibility in measurement of dielectric constant and 
loss tangent of nonlinear dielectric materials, é.g., ferro- 
electrics. If a dielectric rod resonant structure is made 
of such a material and its resonance absorption curve 


% “Reference Data for Radio Engineers.” F 
Radio Co,, New: Vor; Nu valSied = icaGiiemiy male a le keer 
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displayed on the bell-shaped output of a klystron, then 
it would be possible to study the effect of the strength 
of excitation on the dielectric properties of the nonlinear 
material by noting the frequency shift and distortion 
of the resonance curve. This, added to the fact that this 
scheme is inherently suited to the study of the effect 
of dc electric bias on the dielectric properties since dc 
voltage can easily be applied between the two end walls, 
yielding information concerning the incremental per- 
mittivity of the material. Naturally, this is not without 
its own share of problems; for instance, for ferroelectric 
~ materials the size of the cavity has to be small if it is to 
operate in a reasonably low order mode. Also, with the 
high dielectric constant of ferroelectric materials there 
is the problem of impedance matching, where a low im- 
pedance matching device is needed. Nevertheless, it is 
believed that such difficulties can be overcome. 


APPENDIX I| 
THe CHARACTERISTIC EQUATION FOR TE,n1 MODES 


The characteristic equation for the 7E.,; modes in a 
dielectric rod resonant structure will be obtained. The 
usual vector L, M, and N solutions of the vector Helm- 
holtz equation are convenient and hence will be used. 
Since TE modes are of interest let 


E(r) = M(r) = V X [x¥(r)] (13) 
which in cylindrical coordinates gives 
E(r) = Wr) X% iz (14) 


where the scalar function ~(r) satisfies the scalar Helm- 
holtz equation 


(15) 


Eq. (15) is to be solved in the two regions I and IJ, 2.e., 
inside the rod and outside the rod, respectively, such as 
to satisfy the appropriate boundary conditions. 


V(r) + wuep(r) = 0. 


Region I 
If there is no @ variation then a solution of the above 
equation will be 


Vir) = AiJo(Air) sin yz (16) 
where 
ko = ane; — ’; (17) 
and 
E\(r) = A,V[Jo(ir) sin vz] X i. 
Sc E\(r) = ig A wJ1(Rir) sin YZ. (18) 


It is seen that E\(r) satisfies the boundary conditions at 
g=Oand Lif 


li 


y= (19) 


paisa. 
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Next, from Maxwell’s first equation we have 
i] 
Ai(r) = — VX Ex(r) 
wu 
iene ; ’ 
Hy(r) = —— |—iyJ\(kir) cos yr + izkiJo(Rir) sin yz]. (20) 
wu 
Region II 
The scalar potential Yo(r) is a solution of 
V-po(r) + wyeo(r) = 0 (21) 
hence 
Wo(r) — AoKo(kor) sin Ye 
where 
ko? = y? — wpe. (22) 


It is necessary here to use the modified Bessel functions 
since the modes are nonradiating. Thus from (14) and 
(22) we obtain 


E,(r) — 15 A oko Ky(Ror) sin v2 (23) 
and finally 
Spake y 
Hp(r) = ——— |i,v Kifer) cos yz 
WH 
+ i,koKo(Ror) sin yz]. (24) 


The boundary condition of continuity of the tangential 
components of the fields at =a gives rise to the char- 
acteristic equation 


J (a) Ko(8) 23 
a = (25) 
Ji(a) K,(6) 
where 
a= ak, and 6 = ak». 


APPENDIX II 
THE Q OF THE STRUCTURE FOR T'E,,1 MODES 


The unloaded Q of any resonant structure is defined 
as 2 times the ratio of the maximum stored energy to 
the energy lost in one cycle. The energy storage takes 
place partly in the dielectric rod and partly outside the 
rod, similarly the energy losses are due to losses in the 
end walls and dielectric losses in the cavity. Thus 


Ol Ucax se Gig) 


e (26) 
i W walle = Way. 
Now, the stored energy is 
€1 
foe iH & | Bx(e) tae (27) 
' €0 x 
ae {i S| Bale) ae (28) 
sm 2 
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whereas the energy losses are 


20S 


Poe f | H(r) X i, (29) 
walls 


where R, is the surface resistance of the walls and is 
equal to R,=(afu/c)'”, f being the frequency, m the 
permeability, and o the conductivity. The energy losses 
in the cavity are 


6 
Waa — f | Ex(2) |?ar. 


Eqs. (27)—(30) can be evaluated for the Toni mode 
field components given in Appendix I and the result 
manipulated to give tan 6, the dielectric loss tangent, in 


(30) 
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terms of known parameters. The result is 


1 1 
aia G) = =| ee Fact) | 
QO K 


0 


pagans E + F(a)G(B) (31) 
Qnfip2xerL?® 
where 
F(a) = J12(an)/[J2(an) — Jo(an)J2(an) |. (32) 
and 
G(8) = [Ko(6:)K2(6:) — K1°(8.)|/K2(6:). (33) 


Graphical plots of F(a) vs a and G(8) vs 8 are given 
in Figs. 5 and 6, respectively. 


Summary of Measurement Techniques of Para- 
metric Amplifier and Mixer Noise Figure* 


R. D. HAUN, Jr.t, MEMBER, IRE 


Summary—Expressions are derived for the noise factor of a 
frequency mixing circuit under two different operating conditions: 
1) single-sideband operation with input only in a band of frequencies 
at w,; and 2) double-sideband radiometer operation with incoherent 
inputs in the bands both at frequency w, and at w.=w;—a. In both 
cases, the output is taken only at w. 

It is shown that the noise figure for radiometer double-sideband 
operation is not always 3 db less than for single-sideband opera- 
tion. It is also shown that it is possible to obtain an output signal-to- 
noise ratio which is greater than the input signal-to-noise ratio for 
coherent double-sideband operation. 

Methods are analyzed for measuring the effective noise tempera- 
ture of this circuit by using a broad-band noise source. 


I. INTRODUCTION 


HE AUTHOR of this paper has recently had oc- 
casion to attempt measurements of the noise figure 
of a quasi-degenerate parametric microwave am- 
plifier.! During the course of this experiment, it was 
quite surprising to find that the measured values of noise 


* Received by the PGMTT, September 14, 1959; revised manu- 
script received, February 17, 1960. 

t Research Labs, Westinghouse Elec. Corp., Pittsburgh, Pa. 

1R. D. Haun, Jr. and T. A. Osial, “Measurements on a 4.6 kmeps 
Diode Parametric Microwave Amplifier,” Westinghouse Electric 
Corp., Pittsburgh, Pa., Scientific Paper No. 6-41003-4-P1, June, 
1959; unpublished. 


figure were less than 3 db, although a simple theory?* 
(which was believed to be fairly well understood) pre- 
dicted that the noise figure of this device should always 
be greater than 3 db. It was soon realized that this ap- 
parent anomaly had come about because the method of 
measurement (with a broad-band noise tube) gave the 
radiometer double-sideband rather than the single- 
sideband figure, whereas the theoretical calculations 
were for single-sideband operation only. 

Further reflection on this problem also revealed that 
it is possible to obtain an output signal-to-noise ratio 
which is greater than the input signal-to-noise ratio 
with the parametric amplifier in double-sideband opera- 
tion. 

Searching the literature on noise figure for analogous 
situations, one finds that confusion exists on this point 
of single- vs double-sideband noise figure. Uenohara‘ 


* R. D. Haun, Jr., “Small Signal Theory of Microwave Parametric 
Amplifiers and Up-Converters Using High-Q-Non-Linear React- 
ances,” Westinghouse Electric Corp., Pittsburgh, Pa., Scientific 
Paper, No. 8-1047-P2, November 3, 1958; unpublished. 

°H. Heffner and G. Wade, “Gain, bandwidth, and noise character- 
istics of the variable parameter amplifier,” J. Appl. Phys., vol. 29, 
pp- 1321-1331; September, 1958. 

*G. H. Herrman, M. Uenohara, and A. Uhlir, Jr., “Noise figure 
measurements on two types of variable reactance amplifiers using 


sm cetnets diodes,” Proc. IRE, vol. 46, pp. 1301-1303; June, 


1960 


refers to this problem and simply states that the single- 
sideband noise figure Fsgp is 3 db greater than the 
double-sideband noise figure //psp for a quasi-degenerate 
parametric amplifier. Heffner® states that Fssp is at least 
3 db greater than Fpsp in a parametric amplifier. Cohn® 
shows that if the power gain of the device is the same 
for an input at each of the two sidebands, the double- 
sideband noise figure is 3 db less than the single-side- 
band value; however, he does not consider the case 
where the gain is different for inputs at different side- 
band frequencies. 

It is the purpose of this paper to treat this problem 
in detail in the hope that it will resolve some of the con- 

* fusion, so that different workers in the field of paramet- 
ric amplification can specify unambiguously the noise 
properties of a given device. 

A parametric amplifier or a nonlinear resistance 
mixer can be used in three ways, each of which will be 
discussed in the following section: 

1) Single-sideband operation in which signal power 
flows into the network only in the frequency band at 
w, and the output of the network is taken only in the 
band at a1; 

2) Double-sideband radiometer operation in which in- 
coherent signals are fed into the network in the bands 
both at w; and ws, and the output of the network is taken 
only in the band at a1; 

3) Coherent double-sideband operation where, for each 
input in the band at ai, there is coherent input (7.¢., an 
image of the input at w:) in the band at w,.=w3—1 and 
the output of the network is taken only in the band 
at @. 


II. DreFrinitions OF NOISE QUANTITIES FOR 
PARAMETRIC AMPLIFIERS AND MIXERS 


The noise factor F of a network is defined as** 


IN 
ie ee (1) 
GNin 


where 


Nin =the available input thermal noise power in a 
bandwidth B from a room’ temperature 
(290°K) resistor connected to the input 
terminals of the network; 

Nouw=the total noise power in the bandwidth B 
which flows out of the network toward a load 
(assuming the input is connected to the room 
temperature resistor giving rise to Nin); 


5 H. Heffner, “Masers and parametric amplifiers,” Microwave J., 
len pas ia March 1959: - 
ay 0 SB. Cohn, “The noise figure muddle,” Microwave Ai iO) 
pp. 7-11; March, 1959. ; “ 
7 “TRE Standards on electron devices—methods of measuring 
noise,” Proc. IRE, vol. 41, pp. 890-893; July, 1953. ¢ 
8 “IRE Standards on measuring noise in linear two ports, 1959, 
Proc. IRE, vol. 48, pp. 60-68; January, 1960. 
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G=the power gain of the network for incoherent 
signals and is defined as 


Cis aaa (2) 


N’out=that portion of the total output noise power 
which results from the input Nin. 


It will be noted that the definitions of F and G given 
here contain the somewhat arbitrary condition that Nin 
be the available power from a room temperature source 
connected to the input of the amplifier. These definitions 
have a definite convenience in the microwave case be- 
cause then the available power is simply the power 
which flows down the input transmission line toward 
the network, and G is the ratio of the actual power de- 
livered by the network into an output waveguide to the 
maximum power which could be delivered into this 
waveguide by the source itself. However, for the purpose 
of specifying the noise properties of the amplifier, one 
could have chosen arbitrarily some other definition of 
Nin because, as we shall see below, these definitions are 
simply aids in computing from measurements the ef- 
fective temperature of the noise generated inside the 
amplifier, and the noise figure obtained with a given 
choice of definitions is simply a convention for express- 
ing this effective temperature in terms of signal-to-noise 
ratio. 

In this paper, we consider a transmission-type net- 
work (a parametric amplifier or a mixer) in which an 
input signal at frequency w; mixes with a local oscillator 
at frequency w; to give outputs at both w and a, =w3;—@1 
(see Fig. 1). There are four sources of noise in such a 
network. 


Image (we) 
Source 


Go) (To + Teo) KB 
Signal | 
ede Gi +Te) KB 


Signal (w) 
Source 


Load 


Ragan 


1) Noise which flows from the external signal source 
into the network in the band at frequency , is 
amplified, and then flows out at the same fre- 
quency; 

2) Noise which flows from the external source or 
image load into the network in the w, band, is 
frequency converted by mixing with the local 
oscillator (w;), and then flows out in the signal 
band (1) ; 

3) Noise which is generated inside the amplifier in the 
frequency band at w, and then flows out at the 
same frequency ; 
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4) Noise which is generated inside the amplifier in 
the frequency band at a», is frequency converted, 
and then flows out in the a band. 


The internally generated noise, 3) and 4), may have 
its origins in the internal losses of the amplifier, in the 
local oscillator, in other images of the signal (e.g., 
w4=W3-+w,), or in other mechanisms internal to the 
amplifier.?* 

If we define Gy, as the power gain for input and output 
at frequency a, and G2; as the power gain for frequency 
conversion from an input at w. to an output at w, the 
total noise power output of the network at frequency 
(1 1S 


UN one = RB(GuT, = Girl et oP Gri T ee ae Gy;T2) (3) 


where 
k=Boltzmann’s constant, 
B=bandwidth of output, 
T,=noise temperature of external signal 
source in the a; band, 
T:=noise temperature of external load or 
source in the w,. band, 

Ta and 7..=the effective input noise temperatures 
of the internal w, and w, circuits, re- 
spectively. These are the noise tempera- 
tures of resistors which when connected 
to the appropriate input terminals of the 
network would result in the same noise 
output as the noise generated internal 
to the network. 


For convenience, let us define a total effective internal 
noise temperature by 


Gat 
te = tase = Leo: (4) 
Gu 
This is the noise temperature of a resistor which when 
connected only to the a; input terminals would result in 
the same output noise power as the noise generated in- 
ternal to the network. 


A. Single-Sideband Operation (Input at w, Only) 


As a first example, let us assume that signal power 
flows into the network only at a, that only the w; input 
terminals are connected to a noise source of effective 
temperature 7}, and that the @ circuit is connected only 
to load at temperature 7». Then the output noise at fre- 
quency @ is 


Nout = RB(GuT1 + GoiTs + Gals). (5) 
The noise factor is 
Nin Moot 
ee 
NV occ Nin 
2 Nin RB(GuiT1 + Gals + Gil.) 6 
Nea RBT, ( ) 
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where 7, must be taken as 7)=290°K. Since 
Vian 1 
IN eae Gi 


we have 


fae (7) 
Poa ie Ti eG aie 


B. Double-Sideband Radiometer Operation (Incoherent 
Inputs at w, and 2) 


On the other hand, if a broad-band noise source of 
temperature 7) is used to feed equal power in at both a; 
and w», the noise out is 


Nou = kB(Guly + Gali + Gil .); (8) 


and the noise incident on the amplifier is 
Nin = 2kT,B (9) 


where equal amounts of power flow into the signal and 
image input terminals. The noise factor is, therefore, 


Nin RB(GuT, + GoTi + GiT.) 
Ngee 2kRBT, 


(10) 


Foss = 


where 7, must be taken as 7;=7)=290°K in (10). In 
radiometer operation, the incident signal is equivalent 
to the thermal noise 


Nin = 2kBT, (11) 


where equal amounts of power flow into the signal and 
image input terminals. The output signal is then 


Ne ot == RT,BGy RT,BGo (12) 
so that the noise factor is 
2 Giilo = GaiT = Gul, 
Fpszp = 
Gu + Go: 2T 
1 a Git he 
= ——————- — - is} 
Gi = Go, To ( ) 


For the special case where Gi; = G21, we have 


Fpszp = 3F ssp, (14) 
where it has been assumed that for single-sideband 
operation the image circuit load is at room temperature 
(1.e., T2=T ). These conditions will be satisfied for a 
quasi-degenerate parametric amplifier at high gain. 

For Gy4#Ga or for T2#T , the radiometer double- 
sideband noise figure will not be one half the single- 
sideband value. Even for quasi-degenerate operation 
(z.e., where w; and w2 are almost equal) Gx, and Gy, can 
differ by factors of 10 so that caution should be exer- 
cised in using (14)! 
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C. Double-Sideband Coherent Operation (Coherent In- 
buts at w; and w») 


Now suppose that equal amplitude coherent signals 
flow into the network at frequencies w and w». Suppose 
also, that the time origin has been chosen so that the 
fields at w; and at the pumping frequency are in phase. 
Then, for a transmission-type parametric amplifier 
using a nonlinear capacitor, it is shown in Appendix I 
that, if @ is the phase lead of the input w: relative to the 
input at w, the ratio of Sout, the total signal power out 
at frequency , to Sin, the total available signal power 
in at frequencies w; and a» , is 


Sout 1 Cal Pale. e 
eS = S| o + Gor + 2 GiiG2 cos (6 a =]. (15) 


Since the input and output noise will be the same as in 
double-sideband radiometer operation, (8), (9), and 
(15) give the relative input and output signal-to-noise 
ratios for double-sideband coherent operation of the 
capacitive parametric amplifier 

Sin/ Nin 

ats LV out 


Gullo + Galo + Gul 
= : (16) 


| Gu + Go + 2+./Gi1G21 cos (¢ Es Nr 


For a mixer using a nonlinear resistance, a similar 
analysis shows that the power gain for coherent double- 
sideband operation is 


Sou 1 —— 

5 = = [Gu + Gor + 2>°/Gi1G21 cos (6 + r)|, (17) 
and 
ial NV in ue GuTo + Gato + Gul. (18) 


Sant LV ont, 2 [Gu + Go + 2GiiG21 cos (6 + r)|To 


For the special case of optimum phase (7.e., when the 
cosine is unity) when also Gy=Gn, we have 


in Nia 1 1 Te 
Sw/Nn 117. ats 
Sout) Vout 2 4 To 
1 
= — Fgsz (20) 


where it has been assumed that 7:= 7» for operation as 
a single-sideband amplifier. 

From (19), we see that for 7, <27» (a condition which 
can be achieved in practice) it is possible to obtain a 
signal-to-noise ratio at the output of the device which 
is larger than it is at the input. At first thought, this 
may seem to imply that this device violates the laws of 
thermodynamics by absorbing thermal noise from the 
input, but further reflection shows that this is not the 
‘ case; instead, the device adds noise to the input (because 
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T.>0) but the amplitude of the noise is not increased 
proportionally as much as is the amplitude of the signal. 
This occurs because the coherence of the two input 
“signals” at w, and w. and the pump at @; allows the 
signal to be selectively amplified relative to the noise. 
In order for this improvement in signal-to-noise ratio to 
occur, it is necessary for the w; and w, input signals to 
have a certain phase relationship with respect to the 
pump at w;. Since on the average the noise at w; and ow» 
will not have the correct phase relative to the pump 


(w3), the noise will not be amplified as much as is the 
signal. 


III. MEASUREMENT OF THE NoISE FACTOR WITH 
A Broap-BAanp NoIsE SOURCE 


One of the most convenient methods for measuring 
the noise factor of a network consists of connecting a 
noise source to the input of the network, and varying 
the effective temperature of this source so as to double 
the output noise power of the amplifier. 

Let us assume that a matched variable room tempera- 
ture attenuator is placed in the transmission line be- 
tween the noise source (with effective temperature BT) 
and the input of the network. Let the ratio of power 
transmitted to power incident for this attenuator be a. 


A. Single-Sideband Noise Factor Measurement 


Assume that the input is filtered so that one need 
consider only power which flows into the network from 
the noise source in a frequency band of width B at a 
and that the w: circuit is connected only to a load at 
temperature 7». With the noise source off (7.e., with 
a<1), the input noise power will be 


(Nin)1 = kT 0B. (21) 
The resulting output at @, will be 
(Nouw)1 = GukToB + GoikT.B + GukT.B. (22) 


When the noise source (of temperature 87 ) is turned 
on, and the attenuator is set at a value a which gives 
double the noise output, the noise input power is 
given by 


(Nin)o = ah(BT,) B+ A — a)RToB. (23) 
The resulting output power at w; will be 
(Nout)2 = Gull + a(@ — 1)|kToB 
+ GokT2B + GukT.B (24) 
== PACKER) Me (25) 
Solving (24), (25), and (22) for 7T., we obtain 
T. = [a(@ — 1) — 1]T. - “2 1 (26) 


il 


If we consider the image load to be a part of the net- 
work, then the total effective noise temperature (7.e., the 
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temperature of noise generated both internally and in 
the image load) will be 


G2 
(Tc) total = Te — T» (27) 
Gu 
or using (26), 
(T.)tote1 = [a(S — 1) — 1]To. (28) 


From (7), the single-sideband noise factor will there- 
fore be 


Fssp = a(8 — 1). (29) 


B. Radiometer Double-Sidebaund Noise Factor Measure- 
ment 


lf the input is not filtered, and power flows into the 
network in a band of width B at frequency a, and ina 
band of width B at frequency ws, the total input noise 
power when the noise source is off will be 


(Nin)i = Qk B. (30) 
The resulting output at w; will be 
(Nout)1 ss GukT Bb + GokT B oe GukT.B. (31) 


When the noise source (of temperature B75) is turned 
on and the attenuator is set at a new value a’ to double 


the output noise power, the input noise is 
(Nin)2 = 2a'k(8To) B+ AGN a!) kT B, (32) 


where half the power flows in at each frequency (@; and 
@.), and the resulting output power at w is 


(Nout)2 = Gile’(8 — 1) + 1]kT.B 
+ Gufa’(8 — 1) + 1]kToB+GukT.B (33) 


a 2(N out) 1: (34) 
Solving (31), (33), and (34) for T., we obtain 
GitG 
ey mes 2 ag) ae! Tore 3) 
11 


From (13), the radiometer double-sideband noise 
factor will therefore be 


F'pszp = a’ (6 — 1). (36) 


Comparing (36) with (29), we see how confusion can 
arise if the experimenter does not take care to note 
whether or not power flows into the network at both 
the w; and w, bands. 

The single-sideband noise factor can be computed 
from the wide-band noise source measurements by sub- 
stituting (35) in (7), and noting that 7,=T . Doing 
this, one obtains 


Goi 
Fase =| 1 + — Op = DE (37) 
Gi 
For the special case where Gx =Gy (for example, in a 
quasi-degenerate parametric amplifier at high gain), the 
measured radiometer double-sideband noise factor is 
one half the single-sideband value. 
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lV. DiscussiIOoN 


From Sections II and III, one sees that the principal 
difference between single-sideband and double-sideband 
operation lies in whether the image circuit external load 
is considered as part of the network or as part of the 
source. For single-sideband operation, this load is in- 
cluded in the amplifier and contributes a term to the 
total effective noise temperature of the device. For 
double-sideband operation, this load is a part of the 
source, and the device cannot be penalized for noise 
generated by it. 

The difference between radiometer and coherent 
double-sideband operation depends upon whether or not 
the inputs in the two sidebands are coherent. If they are 
coherent, then by properly choosing their phases rela- 
tive to the pump, it is possible to amplify selectively 
these coherent inputs and increase the output signal-to- 
noise ratio relative to the input signal-to-noise ratio. 
It should be noted that the optimum choice of relative 
phase depends upon whether a nonlinear capacitance, 
a nonlinear inductance, or a nonlinear resistance is used 
as the time varying element in the mixing network. 

One further possible point of confusion remains with 
respect to the single-sideband mixer or parametric 
amplifier: if the signal field is fed only into the network 
at frequency w; but both the w; and w. input terminals 
are connected to the antenna, then the total effective 
noise temperature of the device (7°)tota [see (27) | will 
depend upon J», the temperature of the input circuit 
at wo. This means that when used with a low tempera- 
ture source the noise figure of a single-sideband mixer 
circuit will be lower than the value computed from the 
measurements of Section III. 

From the section on measurements, one sees that the 
confusion as to what parameter is actually being meas- 
ured is greatly reduced if it is realized that the noise 
tube technique is actually a means for determining the 
total effective internal noise temperature 7., and, that 
from this quantity, the noise figure can be computed for 
each specific type of operation. 


APPENDIX I 


DERIVATION OF GAIN EXPRESSION FOR COHERENT 
DoUBLE-SIDEBAND OPERATION 


Using the definitions as indicated in Fig. 2, one can 
derive the expression for the midband gain of an invert- 
ing transmission-type parametric amplifier for coherent 
double-sideband operation as follows? 

Assume a current generator J; is connected to the a; 
input of the amplifier and that a current generator J is 
connected to the w2 input (See Fig. 2). Let Vi be the 
voltage at frequency w;, developed as a result of J;, and 
let Vx be the voltage at frequency w; developed as a 
result of Jo. 

Letting a=g/g, in Heffner,? we have 


si('—a) 


Vi 
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From the treatment of Heffner,’ one can show that 


qa V 
Vox = — eas sae 


gigo(1 — a) 


The total signal power delivered to gm, the external 
load in the a circuit, will be 


So 7a (Vu Te Vos) (Vii* == Vo1*) Ga. 


Assuming J,=Je’@?®, and 14,=Je*, and assuming 
the phase of the pump to be zero, this can be rewritten 
as 


2gniwic'V 31 


pe Ge ass COS (¢ oF =), 
gi’go(1 — a)? 2 
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where 
Bee ie 
Si, = F = signal power incident at frequency 
§S1 
Bolas 
So = 7 = signal power incident at frequency we 
S2 
4g mgsi 
11 ca 9 9 
Si tae) 
es Wy 4g 508 m1 a ; 
QaePigge wea): 


Since for small signals 


‘ ww(c')?V 3? 
BO i ES PR 
: §182 
we obtain 


So = GirSi + GorS2 + 2VGirSiGorS2 cos (¢ + *). 


The incident signal power is given by 
Si = Sit So. 


But, for equal input couplings S;=.S:, so that the gain 
for coherent inputs at w: and @, with output at is 


So 1 ee T 
—_—= a |G + Gor + 2/Gi1G21 cos (¢ a =). 


a 


Goss = 


A similar analysis could be carried out for a nonlinear 
resistance mixer; it would then be found that the factor 
cos (6+7/2) in the preceding should be replaced by the 
factor cos (6+7). 


Duplexing Systems at Microwave Frequencies” 


A. F. HARVEY} 


Summary—The paper reviews the various methods of duplexing 
at microwave frequencies. General principles, including the use of 
passive and solid-state devices, are first discussed. The character- 
istics of gaseous-discharge duplexing tubes of both self- and ex- 
ternally-excited types are examined and data for typical examples 
given. The various arrangements of discharge tube duplexers and 
methods of measuring their performance are described. The survey 
concludes with a bibliography. 
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List oF PRINCIPAL SYMBOLS 


By=applied magnetic flux density, weber/m?. 
c=speed of light in vacuo=(€oM0)~/?=3X 108 
m/sec. 
D,=ambipolar diffusion coefficient, m?/sec. 
e=charge on electron = 1.60207 X10—” coulomb. 
ha =attachment probability. 
m=mass of electron=9.1085 X10~*! kg. 
N=density of electrons, m~™. 
N,=Loschmidt’s constant = 2.687 X10* m~™* atm7’. 
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p=pressure, mm He. 
y=radius, meter. 
t=time, second. 
va= adrift velocity, m/sec. 
Z =impedance, ohms. 
a=attenuation coefficient, nepers/m. 
a, =recombination coefficient, m*/ion-sec. 
8 =phase-change coefficient, rad/m. 
= propagation coefficient =a+ 7B. 
e=dielectric constant. 
€) =electric spaceconstant = 8.85416 X10-"farad/m. 
Na =attachment cross section, meter’. 
\yo =wavelength in free space, meter. 
dh, =guide wavelength, meter. 
uy = magnetic space constant =4m7 X10~ henry/m. 
Ve=attachment trequency, c/s: 
v,=electron-ion collision frequency, c/s. 
o =conductivity, mhos/m. - 
7 =time constant, second. 
w=angular frequency, rad/sec. 
we =cyclotron angular frequency, rad/sec. 
V =Laplacian operator. 


Recovery times quoted are for 3 db loss; values for 
6 db are somewhat shorter. 


I. PRINCIPLES OF DUPLEXING 


A. Passive Circuit 


Duplex operation of a microwave system permits the 
passage of signals, having a common frequency, along a 
transmission line; it should not be confused with diplex- 
ing, which depends upon the difference in frequency of 
the two signals. The particular example considered is 
the use of acommon circuit, such as an antenna, by both 
a transmitter and a receiver. Desirable qualities of a 
duplexer include low attenuation and high discrimina- 
tion over a wide frequency band, freedom from manual 
adjustments, reliability and long life. 

With CW operation, the duplexer is required to keep 
the transmitter disconnected from the receiver at all 
times and yet allow maximum coupling between the 
transmitter and antenna and between the antenna and 
receiver. With high-power pulsed operation the dis- 
crimination required to give adequate protection [111] 
to the receiver is about 60-80 db. Further practical re- 
quirements are that protection should be afforded from 
occasional random pulses received from nearby equip- 
ments and that the duplexer should recover to the re- 
ceiving state in a time of 1-50 usec according to the 
application. 

If the first stage of the receiver is a semiconductor 
point-contact diode then, to avoid burn out, the leakage 
power of the duplexer must be maintained below about 
50 mw. The thermal time constant of the diode contact 
is around 10~‘ seconds and any transient effect in the 
duplexer must have an energy not exceeding 0.01 erg 
for temporary and 0.1 erg for permanent deterioration. 
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Some recent low-noise RF amplifiers are even more 
sensitive [16] to leakage and, moreover, much of their 
advantage is lost if the duplexer itself adds appreciable 
noise. 

A passive duplexer can, for example, be constructed 
from lossless four-terminal-pair junctions [114], [115] 
and Fig. 1 shows a hybrid 7 so employed. Energy from 
the transmitter divides between the matched termina- 
tion on one arm and the antenna on the other while 
energy received by the antenna divides equally between 
the transmitter and receiver. The resulting 6-db total 
loss may be shown to be the minimum for such a simple 
circuit. The discrimination between transmitter and re- 
ceiver is reduced by imperfections of the junction or 
mismatches in the termination and antenna. Such re- 
sidual leakage can be balanced out, over a small fre- 
quency band, to a level of less than — 100 db. 

Passive duplexers based on circularly-polarized waves 
have negligible attenuation and, in addition, provide 
isolation of the transmitter from impedance changes of 
the antenna. The transmitted wave possesses one hand 
of polarization and the received wave, due to reflection, 
possesses the other hand: discrimination can thus be 
achieved by a suitable circuit. The arrangement shown 
in Fig. 2(a) contains two-orthogonal transducers from 
TE rectangular to TE circular mode. The circular 
waveguide contains a quarter-wave plate and Fig. 2(b) 
gives the phases of the electric field components of the 
transmitted energy. Fig. 2(c) shows that a reflected 
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Fig. 1—Simple passive duplexer. This device gives a 3-db 
loss on both transmission and reception. 
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Fig. 2—Passive duplexer using circular polarization. (a) Assembly. 
(b) Electric vectors during transmission. (c) Electric vectors dur- 
ing reception. : 
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signal is converted, after passage through the plate, toa 
plane wave, polarized so that it enters the receiver arm. 
The conversion from plane- to circular-polarization 
may be carried out at the antenna [69] by the use of, 
for example, a polarized mirror [100]. Alternatively, the 
transmitter and receiver can be connected to opposite 
rectangular arms of a turnstile six-terminal-pair junc- 
tion, the remaining pair of arms being terminated in 
short circuits so that they differ in length by ZA,. At a 
frequency of 9 gc (gigacycles), such a duplexer has given 
[85] an isolation better than 40 db over a band of 100 
mc. Another adjustment of the turnstile junction en- 
ables duplexing to be achieved with crossed linear 
polarizations of the transmitted and received signals. 
The prefix for mega (=10°) has been changed from 
m to M. This is to avoid serious confusion later on 
between milliwatt (mw) and megawatt (now Mw). 
The restriction on the polarization is removed by the 
use of ferrite circulators. In the four port example shown 
in the inset of Fig. 3, energy from the transmitter T 
proceeds to the antenna A while energy from the an- 
tenna proceeds to the receiver R. A dummy load L is 
connected to the fourth port to absorb any leakage. The 
discrimination of an experimental Faraday-rotation 
duplexer [53] for 35 gc is shown by Fig. 3 to be better 
than 30 db over a 0.7 per cent band around the balanced 
frequency. Circulators for 9 gc, in which the ferrite is 
placed in the short-circuited circular guide of a turnstile 
junction, have shown [20] a similar discrimination with 
an insertion loss of 0.4 db, a VSWR of 1.25 and an over- 
all length of 1.5 inches. Such duplexers are very satis- 
factory for CW systems of about 50-watts mean power. 
With the duplexer of Fig. 3 and a transmitter giving 
19 kw in 0.2-usec pulses the finite frequency spectrum 
led to a leakage of 400 mw: such a high value could be 
reduced by broadband design. Duplexers for high 
powers must ensure that the ferrite, which is exposed to 
the full transmitted power, can withstand high voltages 
and dissipate, with the aid of air- or water-cooling, the 
heat generated consequent upon its attenuation. 


B. Solid-State Switches 


The high degreeof protection required by pulsed opera- 
tion may be obtained by time-division duplexing in 
which an attenuator or switch is energized in synchro- 
nism with the transmitter pulse. Low noise and high 
operating speed can be achieved by placing suitable 
solid-state devices in the receiver arm of a passive du- 
plexer. To avoid a leakage transient due to the finite 
response time it is desirable to pretrigger the switch so 
that it has full insertion loss before the initiation of the 
transmitter pulse. Alternatively the transient may be 
removed by power limiters based, for example, on 
travelling-wave tubes [29] or ferrites [110]. 

The point-contact semiconductor diode is suitable 
[4], [33-35], [87] as a switch since the impedance, in- 
cluding that of its mount, may be varied from a low 
inductive to a high capacitive value with a bias change 
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of, say, —0.6 to +0.6 volt. Improved performance is 
obtained [18] by connecting the diode in parallel with 
the shunt capacitance of a high-pass series m-derived 
filter. Typical parameters of such a switch are: fre- 
quency, 500-1000 mc; bandwidth, 20 mc; discrimina- 
tion, >55 db; insertion loss, 2 db and operating time, 
<4 usec. 

In the duplexer [38 | shown in Fig. 4, one of two ferrite 
circulators is reversed during the reception period: this 
switched circulator handles only low powers. Ferrite 
switches [124] operate by change of the magnetic field 
and some difficulty arises in making the rapidly varying 
field [21] penetrate the surrounding metal wall of the 
waveguide. At the lower frequencies sufficient room 
exists to place [113] the magnetizing coil around the 
actual ferrite. In Faraday-rotation devices a helical slot 
may be cut to follow the plane of polarization of the 
transmitted wave: this design has the disadvantage that 
in the closed, or reversed, position the cross-polarized 
components reduce the discrimination unless RF chokes 
are employed [93]. 

More usual practice takes advantage of the different 
penetration depths obtaining at the modulation and 
microwave frequencies. Films, 0.0001-inch thick, can be 
made on plastics such as Perspex and include electro- 
plated silver [53] and vacuum-evaporated aluminum 
[11]. The switching power can be reduced by the use of 
toroidal-shaped [121 | ferrites. Successful ferrite switches 
have been constructed for 9 ge [5], 55 gc [31] and 70 
gc [122]. A typical example for the first frequency would 
have [72], [73 | maximum and minimum attenuation bet- 
ter than 35 db and 1 db, with a switching time of ¢ psec. 
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Fig. 3—Discrimination of a ferrite duplexer. The inset shows the 
arrangement of ports. Input power 40 kw. Ferrite-type B3. 
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Fig. 4—Duplexer using a switched ferrite circulator. The arrange- 
ment uses one switched and one unswitched circulator. (a) Trans- 
mission. (b) Reception. 
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Balanced duplexers incorporate hybrid junctions 
which provide additional discrimination, thus giving im- 
proved protection and greater bandwidth. The power 
division and standing waves inherent in this duplexer 
result in the transmission line being exposed to twice 
the transmitter power and the switching devices to one 
half. The duplexer of Fig. 5 employs ferrite stubs whose 
electrical length is normally 3, so that a signal from the 
antenna proceeds without reflection to the receiver. 
During the transmission period the stubs are switched 
to a length of 2\,. Complete reflection occurs and the 
1, relative spacing of the stubs ensures that the trans- 
mitter power proceeds to the antenna. 
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Fig. 5—Balanced duplexer with ferrite switches. The electrical length 
of the stubs is switched from 3), to ~ A, during transmission. 


There is insufficient experience on the use of solid- 
state devices in duplexers for pulsed operation to form 
a reliable estimate of their merits. They appear to be 
suitable for applications where low noise, very rapid 
response, light weight and long life are required. With 
their present state of development, however, the usual 
duplexer for high-power pulsed operation incorporates, 
often exclusively, devices based on the phenomena of 
gaseous electronics. 


II. CHARACTERISTICS OF DUPLEXING TUBES 
A. Circuit Arrangement 


The electrical discharges which provide the basis of 
duplexing tubes are due to ionization processes taking 
place at low pressure, at ordinary temperature and 
usually in rare gases. Their characteristics may be ex- 
amined under the states of breakdown, the discharge 
proper and the afterglow. Breakdown of a gas takes 
place under the influence of an applied field which is 
sufficiently large to cause cumulative ionization Becah 
[74], [119]. The typical de gaseous discharge consists of 
four main regions: cathode dark space, negative glow, 
Faraday dark space and positive column. The negative 
glow is associated [12] with much of the potential drop, 
high electron density and low electron collision fre- 
quency. The positive column is associated [43, 123] 
with low electron density and high collision frequency. 
In an HF discharge [2] the electrodes play only a minor 
role and the discharge presents a smooth appearance. 
The electron and current densities can reach very high 
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levels and may exceed 10" electrons/cm*® and 15 a/cm? 
respectively. 

The gaseous discharge in duplexing tubes may be 
externally excited by dc or HF means or internally ex- 
cited by electric fields at the operating microwave fre- 
quency [15], [59 |-[61]. The properties resulting from 
the interaction between the electrons and the microwave 
field are well known [41]: they endow the discharge with 
a conductivity given by [62], [79], [82 | 


Ne’v. 
A aed Tas ok Ck (1) 
mc? a Ve”) 
and a relative permittivity given by 
Ne? 


(2) 


= 
m(w? + v")€o 

Differentiation of (1) shows that the conductivity is 
a maximum when w=v,, the phase angle being then 
45°. The transfer of energy from the RF field to the dis- 
charge is then a maximum and corresponds to minimum 
values of breakdawn power, arc loss and leakage 
through the discharge. Fluctuations in the velocity and 
collision-rate of the electrons result in noise which may 
be expressed as an equivalent temperature [17], [95]. 

Duplexing tubes require a microwave structure, 
coupled to the transmission line and designed so that 
optimum interaction takes place between the gaseous 
discharge and the RF electric field. In tubes with dc or 
IF excitation, efficient interaction is achieved by work- 
ing in the negative glow. The arc-leakage power of RF 
excited tubes tends to be constant over a wide range of 
incident powers but, as with other parameters, it is de- 
pendent upon the nature of the discharge. In general, 
high electron density and other desirable properties, 
coupled with long working life, are provided by a basic 
filling of one of the heavier rare gases to a pressure of 
2-20-mm Hg. 

A distributed structure contains the discharge in a 
portion of transmission line, sealed at either end by low 
Q-factor windows. The design may be in the form of a 
coaxial line [37], [90], [91], [106], interaction taking 
place in a gaseous discharge established between the 
inner and outer conductors. At frequencies above 10 gc, 
the difficulty in constructing close-tolerance transducers 
is avoided by employing rectangular or circular [112] 
waveguides. The interaction distance must usually be 
several wavelengths and bulkiness at frequencies lower 
than 10 gc can be avoided by the use of slow-wave 
structures. One example [103] for 3 gc employs an inter- 
digital line, the discharge taking place at the tips of the 
fingers. In general, distributed-structure tubes must 
employ either heated cathodes or very high pulsed 
voltages to produce a sufficiently intense electron 
density but, on the other hand, large microwave powers 
can be controlled. 

Resonant structures provide a much increased inter- 
action between the gaseous discharge and the RF field. 
Practical shapes tend to give nonhomogeneous dis- 
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charges with rapid variation [96] of electron density 
so that theory cannot be accurately applied. A typical 
high Q-factor circuit consists, as shown in Fig. 6(a), of 
a single cavity, usually resonant in a modified TMo1o 
mode. The interaction region is between the tips of the 
two cones and Q-factors are around 300. Such structures 
tend to give a leakage due to transmission in modes not 
possessing voltage maxima at the gap, but since this is 
about —70 db it shows up only at very high incident 
powers. Tuning of the cavity is achieved by adjustment 
of the cone gap. 
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Fig. 6—Resonant structures using gas discharges. (a) High Q-factor 
tunable. (b) Low Q-factor broadband. The frequency is about 
5 ge. 


Fig. 6(b) shows an alternative low Q-factor structure 
which contains two cone assemblies, each being tuned 
by an inductive iris. The Q-factor of each element, 
loaded by the terminating impedance of the waveguide, 
is determined by the gap between the cones and the 
dimensions of the iris and is about 4. At either end of 
the structure, resonant slots, with a Q-factor half that 
of the cones, are included: these serve as terminations 
of a binomial filter and increase the bandwidth. The 
resonant elements are spaced $A, apart, at which dis- 
tance some interference due to evanescent modes is 
present. In such tubes, breakdown first occurs at the 
cones and this leads rapidly, with high incident powers, 
to breakdown of the gas in the vicinity of the input 
window. The combined attenuation of the window and 
gap discharges is of the order 80-100 db. Broad-band 
tubes are tending to supplant the high Q-factor types 
since, in particular, they are capable of operation at 
very high powers and avoid signal loss associated with 
incorrect tuning. 

At the lower frequencies increased flexibility of design 
and operation is achieved by separation of the discharge 
tube and the circuit elements. In the tuneable single- 
cavity arrangement the discharge takes place in a cell 
in which the electrodes are brought out via disk seals. An 
early example [22] was used over the range 2.30-3.75 gc 
with different external structures. Fine tuning is 
achieved with moveable plungers and coupling to an 
external transmission line may be by loop or aperture. 
More recently, this plug-in feature has been applied 
[128] to broad-band structures so that, at each stage of 
the device, an independent choice can be made of the 
discharge characteristics. 
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B. Priming the Discharge 


The statistical time lag occurring between the appli- 
cation of the exciting field and the complete buildup of 
the gaseous discharge is undesirable in practical tubes. 
The delay may be shortened by maintaining a continu- 
ous weak ionization in the breakdown region which, in 
the case of prepulsed externally-excited tubes, can satis- 
factorily be provided from a radioactive substance. 
About 10 microcuries of tritium, which is a source of 
low-energy 6-particles with a half-life of 12.26 years, 
forms a safe and convenient priming agent. 

In self-excited tubes, the time lag allows microwave 
energy to pass unattenuated to give a transient of dura- 
tion about 5 X10-® seconds. The energy in this spike is 
minimized by correct design of the resonant structure 
and choice of the nature and pressure of the gas filling 
but, in addition, a large initial ionization of the order 108 
electrons/cm® is necessary. This ionization is generally 
provided by the glow discharge of a keep-alive or primer. 
The primer must have negative polarity and may be 
positioned either inside and coaxial with the suitably 
hollowed RF electrode or at the side of the interaction 
space. The electron density must not be so high as to 
cause undue interaction loss in the low-level condition. 
Moreover, the discharge allows electrons with random 
energies to enter the RF field, thus forming a noise source 
internal to the receiving system. In practice currents 
around 100 wa are employed. 

Keep-alive circuits are prone to relaxation oscillations 
and, under certain conditions, wander of the discharge 
and glow-to-are transitions. These effects result in 
periods of low electron density and hence large spike 
energy. The tendency towards oscillation is reduced by 
placing one megohm of the total current-limiting re- 
sistance close to the primer terminals. A further precau- 
tion involves operating the discharge in the abnormal 
region [109] by covering the electrode with a glass or 
ceramic sleeve down to the end, which is exposed by 
grinding off the insulation. Such an electrode of re- 
stricted area also has the advantage of reducing wander 
by localizing the discharge. An arc is characterized by 
low potential and high current and can thus be main- 
tained only by the stored energy in the distributed 
capacitance of the electrode: it extinguishes after a time 
of the order 10-4 usec. With an electrode capacitance of 
10 wuf and running conditions of 500 volts, 100 wa the 
glow discharge will not restart for 50 usec. These glow- 
to-arc transitions can be avoided by ensuring that the 
electrode surfaces do not become contaminated. 

Sputtering of the keep-alive cathode causes slow 
clean-up of the gas filling with consequent deterioration 
in the tube properties. This erosion can be reduced 
[65], [126] by proper design of the electrode shape and 
choice of the metal constituting the keep-alive tip. 
Kovar is in general use but rhodium plating or the pro- 
vision of stainless steel tips reduces the effect. Gas clean- 
up also occurs under the influence of the RF discharge, 
especially with high powers. The working lite of the tube 
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can be prolonged by, for example, the inclusion of a gas 
reservoir. This gas clean-up may be studied [26] in ex- 
perimental tubes by including a radioactive tracer such 
as krypton-85 with the usual gas filling. 

The interaction loss, noise and shortened life due to 
the keep-alive discharge may be improved by maintain- 
ing the current small and increasing it, by means of a 
prepulse, just prior to the start of the transmitter pulse. 
In this way substantial priming can be achieved so that 
the spike energy is diminished while the small residual 
discharge protects the receiver by ensuring that occa- 
sional random pulses, although large enough to cause 
temporary deterioration of the diode contact, are not 
large enough to lead to permanent damage. 


C. Quenching the Discharge 


In the afterglow of the discharge the electrons, whose 
average energy is initially high, tend to acquire, at a 
rate determined by the probability [45] of collision for 
momentum transfer, a Maxwellian distiribution of 
velocity with an equilibrium temperature that of the 
gas. The early afterglow, which is of promising interest 
in the study of duplexing tubes, is thus characterized 
by a time-varying electron energy distribution function. 
Moreover, the electron density is reduced by three 
physical mechanisms, which may operate singly or to- 
gether, according to the relation 


aN/di = D,V*N — a,N? — hwN. (3) 


Diffusion [3] involves the motion of the electrons to 
the discharge boundary and thus depends upon the 
mobility of the particles and the path length traversed. 
The decay is exponential with a time constant which, 
for a spherical container of radius 7 , is given by 


i a (4) 


A typical value of D,, reduced to a gas pressure of 1 mm 
Hg, is 900 for argon [8]. Recombination between an 
electron and a positive ion involves [83] the release of 
energy in another form: one example of such a process 
is surface recombination which leads to translational 
kinetic energy of a third particle. The decay leads to a 
linear relation between 1/N and ¢ and experiments 
[7], [66] on helium ions at 3 ge gave values of a, about 
1.710 cm%/ion-sec. Attachment involves [81] the 
formation of a negative ion [84] on capture of an elec- 
tron by a neutral gas molecule. Experimentally, three 
attachment parameters can be measured: the attach- 
ment cross section 74, the attachment probability h, and 
the attachment coefficient y/p. The attachment fre- 
quency can be expressed in terms of one of these pa- 
rameters by 


Ne 


PS p= ‘il Nava = p () Ud (5) 
760 pj 
In strongly attaching gases, the frequency of attach- 
ment is of order 10° to 108 times the pressure [1], [36], 
ESOi)2 (52 |: 
Recovery of a duplexing tube at the end of the dis- 
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charge period requires the electron concentration in the 
interaction space to fall rapidly to a negligible value. 
The selection of working pressure below 100 mm Hg 
means that loss of electrons by diffusion to the walls 
of the container is slow [83]. If, however, short dif- 
fusion paths and adequate clearances are provided, sur- 
face recombination enables recovery times of 30-50 usec 
to be achieved with pure rare gas fillings. Solid inserts 
packed around the electrodes or interaction space form 
a suitable recovery agent, provided the material is of low 
permittivity and dielectric loss and is capable of with- 
standing high temperature. Quartz crystals, hard-glass 
fragments and hollow ceramic beads are easy to handle 
and pack while permitting the insertion of pretuning 
plungers. Rapid deionization is also achieved with 
quartz wool which, consisting of very fine fibres, has a 
large surface per volume ratio. This material is only con- 
venient for simple shapes since, unless it is carefully 
packed, voids occur which result in increased diffusion 
time. 

Quenching of the discharge by electron attachment 
is an efficient process if enhanced by the introduction, 
in element or compound form, of hydrogen, oxygen, nit- 
rogen and the halogens. Experiments [125] with powers 
up to 200 kw in the range 3-35 gc have shown, for 
example, that, with an initial filling of argon at 11 mm 
Hg, the inclusion of hydrogen at a partial pressure of 
1 mm Hg reduced the recovery time from 200 usec to 
4 usec. Although effective as a quenching agent, hydro- 
gen cleans up rather quickly: this disadvantage may be 
overcome by arranging a continuous supply from, for 
example, a replenisher such as titanium hydride. 

Recovery times as short as one microsecond are 
achieved by the addition of water vapor which has a 
very large recombination coefficient but also some at- 
tendant disadvantages. The products of dissociation 
migrate in any dc field present towards the metallic 
electrodes with which they react chemically [57]. The 
dominant surface reaction results [13] in the formation 
of nonconducting oxides. Such a film on the cathode 
greatly facilitates [68] glow-to-arc transitions which 
tend to occur [32] in bursts of 10-20 with intervals be- 
tween bursts of 5-60 minutes. In certain circumstances 
the chemical reactions lead to the formation of a con- 
ducting oxide which continues until short circuiting of 
the primer gap occurs. 

These chemical reactions lead, as may be expected, to 
a gradual clean-up of water vapor. Long life may be 
attained by giving the tube a higher partial pressure of 
water vapor than is initially necessary but this process 
leads to worsening of other parameters such as arc loss 
and leakage energy. Water vapor replenishers main- 
tain a sensibly-constant partial pressure and thus in- 
crease the working life. A typical replenisher consists 
[27] of carefully cleaned pure iron filaments on which 
0.2 per cent by weight of water vapor has been ab- 
sorbed. When placed in the tube envelope the partial 
pressure remains near 0.2 mm Hg over the temperature 
range —20°C to'== 120°C for a long periods 
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II]. EXTERNALLY-ExcITED TUBES 
A. Phase Change 
If a gaseous discharge completely fills a waveguide the 
propagation coefficient 
Ye Oe gh (6) 
has components given by [92 | 
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The change in phase coefficient due to the discharge is 


given by 
2a 21\ ws 1 
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If A«(47/\,) the ratio (A/A,) should be independent 
of frequency for constant electron density. If 


ag Ne > (2/Xg)? 


(13) 


then 6=0 and the waveguide is cut off. 

These effects have been put to practical use [97] in 
the phase changer shown in Fig. 7(a). Interaction takes 
place between the RF field and the negative glow sur- 
rounding two filamentary cathodes: these are spaced 
1}, apart axially to improve impedance matching. The 
device, when filled with krypton to a pressure of 1 mm 
Hg, gave, at 9.55 gc, the values of potential drop and 
phase change vs discharge current shown in Fig. 
7(b). The phase change was independent of the micro- 
wave input level up to 100 mw. For the discharge length 
of 8.4 cm and a phase change of 180°, (12) requires an 
electron density about 0.45 the cutoff value. Such calcu- 
lations are confirmed by the attenuation values shown 
in Fig. 7(b): these are quite low until the condition of 
waveguide cutoff is approached. This particular micro- 
wave arrangement is broad-band and achieved satisfac- 
‘tory performance over the range 8.9-10.2 gc: the life of 
the tube was 500 hours with a discharge current of 6 ma. 
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Fig. 7—Gas-discharge phase-change tube. (a) General arrange- 


ment. (b) Properties at a frequency. of 9.55 gc. 


If a magnetic field is applied orthogonal to the RF 
electric field, the electrons acquire a helical motion with 
angular frequency 


wo = eBo/m. (14) 


As the magnetic field is varied through this resonance 
value the breakdown voltage exhibits a sharp dip 
[14], [30], [70], [71], [89], [120]. As an example of use 
in duplexers, a switch tube based on this property has 
shown [116] a discrimination of 60 db with an arc loss 
of 0.4 db: the input power was 250 kw peak at 2.85 gc 
and the low-level insertion loss was 0.1 db. Another 
switch [117] is controlled by the turning on and off of a 
magnet field set at the resonance value. The break- 
down power varies with gas pressure and, for example, 
at 2.84 gc with argon, the values with and without 
the applied field are respectively 0.01 kw and 1 kw for 
0.3 mm. Hg and 0.03 kw and 60 kw for 0.03 mm Hg. 
The firing time is of the order of 0.01 usec. The non- 
reciprocal properties [10], [23], [39], [42], [44], [48], 
[86 | of magnetized discharges have, however, not found 
much application in passive duplexers since they appear 
[98 | to be inferior to ferrites in respect to manufacturing 
cost, response time, power handling capacity, noise out- 
put and life. 


B. Attenuators 


Gaseous discharges can form the basis of variable at- 
tenuators but have the disadvantage of an associated 
noise power equivalent to a temperature of up to 
10,000°K. In one distributed structure [56] for 9.5 gc, 
the central conductor of a coaxial line is a heated oxide 
cathode. The attenuation, although large, is rather de- 
pendent on cathode temperature: for this reason, cold 
cathode tubes are preferable. A mixture of hydrogen 
with the rare gas quickens the response and reduces the 
discharge current for a given attenuation. Another de- 
sign for the same frequency consists [12] of an oxide 
cathode, 2 inches long and 0.02-inch diameter, mounted 
in a 0.9 inch by 0.4-inch waveguide. Krypton at 2-mm 
Hg is a suitable filling but the attenuation showed a 
sharp peak at a cathode temperature corresponding to 
a glow-to-are transition. In a version for 50 gc, the dis- 
charge is made between the two broad walls of the wave- 
guide, these being insulated from the rest of the struc- 
ture: an attenuation of 30 db can be achieved with a 
discharge current of 10 ma. 
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An attenuator [99] employing a resonant structure 
has already been shown in Fig. 6(a): it has a Q-factor 
of 295 and is tuneable over the range 8.9-9.5 gc. The 
control electrode is glass sheathed so that only the 
0.028-inch diameter magnesium tip is exposed. With a 
filling of krypton at 10 mm Hg and about 80 volts be- 
tween the electrodes, the attenuations at currents of 100 
ua and 200 wa were 15 db and 30 db respectively for an 
RF input of 50 ww. The attenuation is sensitive to the 
level of incident power, falling by a factor of 4 when the 
latter was increased from 3 mw to 100 mw. A two-gap 
broadband structure enables similar attenuations, with 
an input VSWR of 1.2, to be maintained over a fre- 
quency band of 650 me. 


C. Pulsed Switches 


When the ionization in an attenuator is so intense 
that large reflection and loss occur, the device more 
closely resembles a switch: its use is normally confined 
to pulse operation with low duty cycles. In one novel 
switch [40] the positive column of a gaseous discharge 
formed part of the inner conductor of a coaxial line. In 
the absence of the discharge, the outer conductor is too 
small to sustain waveguide propagation and no power 
passes. This principle has been used [51] to provide a 
wide-band multiway switch of low insertion loss. The 
noise inherent in the required dense discharge was kept 
small by pulse operation, the gas and tube conditions 
being such that the recovery time is of the order of one 
millisecond; de gaseous discharges have also formed the 
basis of waveguide [118] and cavity [80], [112] switches. 
For example, the negative-glow CV2379 tube yields 
[28] more than 20 db attenuation for 0.5-watt excita- 
tion power. The recovery time is 12-20 usec and passive 
protection is afforded against unsynchronized pulses by 
virtue of its steady “simmering” electrode current of 50 
wa. The life exceeds 1500 hours. 

The disadvantages of internal electrodes may be 
avoided by employing HF excitation of the discharge. 
One such tube, shown in Fig. 8(a), consists [76] of a 
5-mm internal-diameter precision quartz tube. An in- 
sert, ground to a dumbbell shape, is sealed off to contain 
air at atmospheric pressure and the intervening space 
filled by xenon at 60 mm Hg with a small amount of 
tritium. Ionization is achieved by applying a 30 mc 
voltage between the waveguide and an excitation elec- 
trode shown in Fig. 8(b). Two tubes may be fed from a 
high-output impedance push-pull oscillator whose out- 
put is about 200 watts peak. The complete switch, with 
each tube forming a low Q-factor resonant element, is 
shown in Fig. 8(c). It provides a pulsed attenuation of 
at least 50 db with a recovery time less than 30 psec: 
the VSWR is better than 1.15 over a 10 per cent fre- 
quency band and the insertion loss is below 0.1 db. For 
operation at 10 gc the insert may be omitted while at 
35 gc the tube forms a distributed structure along the 
waveguide, the excitation electrodes being placed at 
both ends. 


UARTZ WOOL QUARTZ DUMB- BELL QUARTZ TUBE EXCITATION 4 TEFLON 
* : ELECTRODE Zp! 
ee . Pease. a 

(a) ¢ >» ah 

: XENON AT CONE oF 7S Y 

Al 60mm Hg WAVEGUIDE CIRCUIT 

a g : INSNZz) 

fo) 


INDUCTIVE 
IRIS 


RES ONANT 
WINDOW 


CAPACITIVE 
| GAP 


DISCHARGE 
[—— 1 UBE 


(c) 


Fig. 8—Pulsed attenuator with HF excited discharge. (a) Discharge 
tube. (b) Excitation system. (c) Two views of the assembly for 
GueC. 


IV. SELF-EXcITED TUBES 
A. Single-Function Switches 


Self-excited tubes operate by differences in the levels 
of the incident microwave energy. They require high 
electric fields which are usually the result of short pulses 
with fast rise times and thus their design tends to be 
empirical. Such tubes generally employ resonant struc- 
tures and may be broadly divided into single- and 
multiple-function classes. 

A simple gas switch consists of a resonant iris in a 
waveguide. At low power levels, energy is allowed to 
pass with only small reflection but, at high power levels, 
the electron density in the discharge results in a large 
reflection of the incident power with corresponding 
large attenuation of the transmitted power. Such a dis- 
charge element is rarely used by itself but forms the 
basis of more complicated tubes. For example, in the 
ATR (or TB) tube shown in Fig. 9(a), the iris is ter- 
minated on one side by a short-circuited } A, line. The 
device thus behaves, at the input window, as an open 
circuit in the low-level condition and a short circuit 
under power breakdown. The cavity dimensions and 
window susceptance are chosen to give the maximum 
impedance under low-level operation. Technical data on 
a few typical ATR tubes are given in Table I. The 1B36 
and VX8104 tubes are of circular section and are pro- 
vided with a machined bevel for contact with the main 
waveguide: these tubes also include a deformable dia- 
phragm as the short circuit, thus permitting a small 
amount of preset tuning during manufacture. ATR 
tubes are usually filled with argon to about 10 mm Hg, 
no recovery or priming agents being found necessary. 

The desirable characteristics of a pre-TR tube include 
large reflection and small arc loss when ionized, short 
recovery time, low insertion loss and ability to with- 
stand high incident powers. Spike leakage is not im- 
portant and thus keep-alives are not provided. An early 
example, the 1B38 for 2.8 gc, consisted [109] of two 
resonant discharge gaps spaced 4 A, apart. Recent tubes 
[105 | for 1.2 gc based on this design incorporate window 
of ceramic sheet or gas filled quartz containers. 

Plug-in tubes have advantages of simplicity, band- 
width and long life. They are finding increasing applica- 
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Fig. 9—Typical duplexing tubes. (a) CV2308 ATR tube for 9.5 gc. 
(b) CV2311 broadband TR tube for 9.5 gc. (c) CV2300 tunable 
TR tube for 35 ge. 


TABLE I 
TypicaL ATR TuBEs 


Type number 1B44 CV2308 | 1B36 | VX8104 
Frequency, gc 2.63.1} 9.0-9.6} 23-25 34-36 
eoaded window Q-factor SES 6.5 Oss ies 
Breakdown power, kw 10 4 2 2 
Arc loss, db OFS: 0.5 Os) 0.5 
Maximum power, kw = 100 == 50 


tion and Table II gives technical data on typical exam- 
ples. The CV2339 and CV2430 are designed so that the 
component parts can be assembled by high temperature 
brazing or cold welding, both methods allowing the 
tubes to be baked at 450°C during pumping to eliminate 
gaseous impurities. Choked mounts are required with 
plug-in tubes since the discharge tends to behave as the 
inner conductor of a coaxial line with consequent leak- 
age of energy by radiation. The CV2482 is an-argon 
filled quartz tube [94] ground to the correct size to 
match a 0.9-inch X0.4-inch waveguide over the band 
8-12 gc: operation down to 3 ge is possible in an iris- 
matched mount. 

Passive-protection tubes are associated with low leak- 
age during the transmitting pulse and, in the receiving 
period, protection from unsynchronized pulses with low 
noise generation. The properties of typical tubes are 
given in Table III, the low leakage values being 
‘ achieved by fitting keep-alives. In the VX3262 plug-in 
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TABLE II 
TYPICAL PLUG-IN PRE-TR TuBES 


Type number (OWLS | (OV XNSO | (CCW Bt) WO IOS) 
Frequency, gc 2.9-4.0 | 2.5-4.0 | 8-12 34.36 
Loaded gap Q-factor 2 1.0 matched | matched 
Beatdown power, kw 4 il 15 8 
Insertion loss, db 0.05 0.07 Ooi = 
Arc loss, db (0). One O.2 a 
Recovery agent steatite water quartz high 

vapor wool pressure 
Recovery time, usec 30 5 5 4 
Spike, ergs/pulse 1500 1000 150 2000 
Flat, watts 100 100 180 aaa 
Maximum power, mw lsd) 0.5 0.5 Oeil 
TABLE III 
TYPICAL PASSIVE-PROTECTION TUBES 
Type VX3262 CV2359 
Frequency, gc 23-3 0 8 .9-9 .6 
Construction plug-in two-gap 
Loaded gap Q-factor Biss 4 
Breakdown power, mw 70 100 
Insertion loss, db 0.10 1.0 
Recovery agent water vapor none 
Recovery time, usec 5 40 
Interaction loss, db 0.05 Onell 
Spike, ergs/pulse 0.15 Oeil 
Flat, mw 5 5 
Maximum power, watts 3 10 ,000 


tube, the depreciation of receiver noise factor is main- 
tained [28] less than 0.02 db by enclosing the keep-alive 
discharge as much as possible. A two-gap broadband 
design is used [75] for the CV2359. A weak keep-alive 
discharge is maintained from a side electrode and the 
filling is argon at 20 mm Hg. The recovery time varies 
from 12 psec at 10 watts input to 100 wsec at 100 kw. 
At low levels the VSWR is better than 1.17 over a 5 per 
cent bandwidth while the life exceeds 10,000 h. 


B. Multiple- Function Switches 


1) Tube Arrangement: It is possible and has, in fact, 
long been common practice to combine, in a single unit, 
the functions performed by several tubes. Such a ‘ER 
tube [107], [109 | must possess, with high incident powers 
small arc loss, low spike and flat leakages and short 
recovery time coupled with, in the receiving condition, 
low insertion loss and protection against unsynchronized 


pulses. 
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At frequencies around 3-10 gc fixed tuned broadband 
structures are in general use. One example, the CV2311, 
is shown in Fig. 9(b): brief technical data for this and 
other TR tubes are given in Table IV. Breakdown oc- 
curs first at the cone containing the keep-alive electrode 
with incident powers less than one watt but until the 
input window breaks down, the equivalent short circuit 
is +, from the required position. Short recovery time in 
the TR tubes is ensured by partial filling with water 
vapor. Other broadband TR tubes include the CV2312 
for 8.5-9.3 gc, the 1B63A for 8.5-9.5 gc and the three- 
gap 1B58A as listed. 


TABLE IV 
TypicaL TR TuBEs 
Type 1B58A | CV2429 | CV2311 1 B20 EEN 23350 
Frequency, gc 2.6-3.1}2.5-4.0 |9.2-10.0)23.4-24.6| 34-36 
Construction 3-gap | plug-in | 2-gap | tuneable | tuneable 
Loaded gap Q- oo) 4 == 220 150 
factor 
Breakdown pow- | 10,000 | 0.15 4000 == = 
er, watts (win- (gap) (win- 
dow) dow) 
Insertion loss, db OnS (Omaha 0.5 0.8 1a 
Recovery time, 12 a 4 4 2 
usec 
Keep-alive type side- co- double co- double 
arm axial axial 
Spike, ergs/pulse 0.2 0.2 On2 0.03 0.03 
Flat, mw 40 20 30 20 20 
Maximum power, — 0.3 250 
kw 


Tuneable-cavity tubes, such as the cell type 1B27 for 
3 gc and integral-type CV221 and 1B24 for 9 gc, now 
find only limited application. This design does, how- 
ever, lend itself to very wideband operation by means 
of windows of extremely low Q-factor. The troubles at- 
tendant upon a large glass area are overcome by using a 
window consisting of two or three parallel slots. A tube 
of the latter design, with a window Q-factor of 0.25, 
possesses [105] a total bandwidth of 40 per cent centered 
on 1.2 gc. The tuneable TR tube is, moreover, not so 
critical as regards tolerances on, for example, the posi- 
tion of the keep-alive electrode and hence continues to 
find use at the higher frequencies. Two examples have 
beeen given in Table IV, the CV2330 for 35 gc being 
illustrated in Fig. 9(c). 

The CV2429, illustrated in Fig. 10, is a plug-in TR 
tube which allows operation, by choice of mount dimen- 
sions, at frequencies near 3 gc, in bandwidth steps of 
6-10 per cent. In the CV2378 the keep-alive, and hence 
the water vapor replenisher, is omitted. The break- 
through is much higher, with a spike of 10 ergs/pulse 
and a flat of 20 watts, but the tube is suitable as the 
first of a pair in a TR combination. The recovery time, 
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Fig. 10—Plug-in CV2429 TR tube. Frequency 3 gc. A keep- 
alive and water-vapor replenisher are provided. 


being a function of the incident power, is often short 
enough for the second tube of the pair to fulfill a given 
requirement when a pure rare gas filling is used. 

2) Performance Control: It will have been realized 
that the TR tube, containing both water vapor and a 
keep-alive, achieves its multiple functions only with a 
reduction in life. Investigations have thus been made 
with the view to improving this factor by an under- 
standing of the discharge mechanisms involved. For 
example, direct observation of the spike by means of a 
high-speed oscilloscope reveals [24] the dependence of 
the operation of a tuneable 1B24 tube on various pa- 
rameters. Fig. 11(a) shows that the spike amplitude is 
independent of incident power in the range 135 watts 
to 2.56 kw. The tube was filled with hydrogen and water 
vapor, both at 15 mm Hg. The spike is also constant as 
the keep-alive current is reduced from 100 wa to 9 wa 
but, at zero current, it rose to a maximum of 64 watts!/2 
before switching action was effected. The spike is sensi- 
tive to gas pressure and Fig. 11(b) shows that, with 
xenon, the minimum occurs at 6.2 mm Hg: with argon, 
it is 14.8 mm Hg and with helium, above 40 mm ie 
The breakdown power is seen from Fig. 11(c) to havea 
minimum at a pressure characteristic to each gas. In 
the case of helium the results agree well with theory 
[101]. 

Keep-alive characteristics may be studied with the 
aid of Fig. 12(a) which shows how the spike falls [47 | 
with increase of initial ionization, measured in arbitrary 
units of light emission. Random fluctuations of electron 
density after about 100 h operation, due to wander of 
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Fig. 11—Breakdown performance of a TR tube. Frequency is 9.375 
gc with 1B24 tube. (a) Effect of incident power. (b) Effect of gas 
pressure. (c) Breakdown power vs gas pressure. 
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Fig. 12—Performance of TR tube keep-alive. (a) Leakage vs electron 
density. (b) Improved keep-alive electrode. (c) Leakage vs total 
pressure. 
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the discharge, are avoided by fitting, as shown in Fig. 
12(b), a bushing made of quartz, sapphire or mica. Fig. 
12(c) shows that the spike is now less sensitive to elec- 
tron density, and, in fact, such tubes can operate at 
200 kw peak input for periods exceeding 1000 h. An 
alternative approach [13] to this problem depends upon 
the greatly-reduced probability of coincidence between 
these extinction periods and the arrival of a transmitter 
pulse by the use of two independent primers. Such TR 
tubes have been shown in Fig. 9 and experience con- 
firms that the chance of failure, even once in, say, the 
10° pulses involved in a typical 500-h run is substantially 
eliminated. 

In a broadband TR tube, the arc loss and recovery 
time are controlled predominantly by the gas character- 
istics and physical conditions in the vicinity of the input 
window where the electron density is high. On the other 
hand, spike and, to a first approximation, flat leakage 
are determined by the characteristics near the resonant 
gaps. The conditions for optimizing these two groups of 
parameters can be independently ensured by isolation 
of the corresponding regions of the tube. This is con- 
firmed [46] by experiments made on a demountable 
three-gap TR tube in which the window was encapsu- 
lated so that the appropriate gas filling was confined in 
an envelope separate and distinct from that in the main 
body. The incident power was at 2.8 gc in 350-kw pulses 
of one-microsecond duration at 1000 gc. With an argon 
filling, and a body pressure of 5.8 mm Hg, the spike- 
“and flat-leakage. energies remained constant at 0.3 
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erg/pulse and 7 mw respectively for window pressures 
up to at least 40 mm Hg. The recovery time, on the 
other hand, varied with pressure, being 160 usec and 
40 usec at 6 mm Hg and 40 mm Hg respectively. This 
independence of characteristics is maintained on in- 
clusion of quartz wool or water vapor recovery agents, 
making such a technique a practical, if complicated, 


approach to improved TR tubes performance at the 
lower frequencies. 


V. DiscHARGE- TUBE DUPLEXERS 
A. Branched Guide 


A conventional branched-guide discharge-tube du- 
plexer is shown in Fig. 13, two gas switches being con- 
nected in E-plane stubs from the main transmission 
line. The window of the ATR tube is nearly flush with 
the inner wall while that of the TR tube is about 7), 
away. On transmission, both windows break down, and 
the power proceeds to the antenna. In the low level 
condition the quiescent ATR tube presents a high ad- 
mittance across the main line at a plane A such that 
antenna power proceeds through the TR tube and into 
the receiver. At powers exceeding 50 kw at 10 ge and 
100 kw at 3 gc the life of the TR tube can be prolonged 
by the use of a pre-TR tube suitably positioned in the 
stub. Branched duplexers can have any combination of 
series or shunt stubs and may be designed [109 | for two- 
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Fig. 13—Branched gaseous-discharge duplexer. 


For efficient operation of, for example, a series- 
junction duplexer, Z;, the impedance of the cold trans- 
mitting tube transformed along the line and combined 
with that of the ATR tube, should be zero. For any 
other value, there is a branching loss factor given by 


L=1+ 42. (15) 


If, over the working frequency band, the impedance of 
the cold transmitting tube, or of the ATR tube during 
its recovery period, causes Z; to fall outside acceptable 
limits then two or more ATR tubes may be employed. 
The exact distance between the ATR tubes depends 
[109] on the bandwidth required, the position of the TR 
tube and on whether or not the ATR tubes are stagger 
tuned. 
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The power handling capacity of the normal branched 
duplexer is limited by available tubes to about 300 kw 
at 9.5 gc and 1 mw at 3 ge. Higher capacity may be 
achieved in duplexers based on full transfer directional 
couplers. Energy flowing along the main line from the 
antenna is H-coupled to the auxiliary guide, and thence 
to the receiver, by a window aperture. Under high power 
conditions, the window breaks down and energy pro- 
ceeds from the transmitter along the main line to the 
antenna. For the frequency band, 8.6-9.5 gc, the low- 
pressure gas filling may be [64 in the auxiliary guide or, 
alternatively, in the intervening space of a double 
walled window. The latter gave an insertion loss of 0.5 
db, spike of 0.1 erg/pulse, flat of 20 mw and a recovery 
time of 6 sec. In the “curtain” full-transfer duplexer 
[88] about 20 quartz gas tubes are spaced 1 cm apart 
along the aperture coupling the 2.84-inch by 1.34- 
inch waveguides. Over the band 2.6-3.1 gc the insertion 
loss is 0.3 db, recovery time 50 wsec and maximum 
power 23 mw peak, 16 kw mean. 

The discharge tube in a duplexer protects the receiver 
from random external pulses only when the keep-alive 
is working. Under stand-by conditions of the equipment, 
protection can be afforded by mechanical switches or 
shutters. These may take the form of a spring-actuated 
vane which closes the waveguide aperture but which 
can be pulled out by a solenoid during normal operation. 
Short-circuiting posts have been built [105] into broad- 
band TR tubes: while giving 40-db protection for one 
post and 70 db for two, the over-all cost of the tube is 
increased thereby. 


B. Balanced Circutt 


The arrangement of a balanced duplexer depends 
upon the type of gas switch and hybrid junction 
adopted. Fig. 14(a) shows two hybrid rings or tees and 
two broadband discharge tubes. The transmitter in arm 
T feeds the output arms of the hybrid in antiphase and, 
due to the +X, separation of the gas switches, the reflec- 
tions arrive back in phase so that the energy proceeds 
via arm A to the antenna. The leakage powers proceed 
via arm L to the dummy load while signals from the 
antenna proceed via arm K& to the receiver. Alternative 
configurations employing 3-db directional couplers, 
either alone or with other hybrids, are shown in Figs. 
14(b) and (c). Balanced duplexers must be followed by 
a passive-protection tube to safeguard the receiver 
against random pulses. 

Good discrimination in balanced duplexers is obtained 
only if the phase changes through, and the spike and 
flat leakages of, the TR tubes are equal throughout the 
duration of the transmitter pulse. This condition is 
facilitated by the use of 3-db slot hybrids since, as 
shown in Fig. 15(a), both switches can then be placed 
[58] in one gas container. Such dual TR tubes have 
been made [105] for 3 gc, 5 gc and 9 ge and provide a 
cancellation of the spike of 4-6 db and of the flat, 6-10 
db. Duplexers containing, for example, WF 46 or BL-27 
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Fig. 15—Balanced duplexers with gas switches. (a) Dual TR type 
with 3-db couplers. (b) ATR type with power divided by four. 


dual TR tubes give an isolation of 20 db, VSWR of 1.2, 
insertion loss of 0.8 db and an over-all spike of 0.01 
erg/pulse in the range 8.5—10.0 gc. 

Provided the receiver arm is fitted with a TR tube, 
balanced duplexers can employ pre-TR tubes with con- 
sequent increase in bandwidth and power-handling 
capacity. Two CV2339 tubes in a balanced circuit can 
handle [28] 2.5 mw peak, 3.5 kw mean at 3 ge. Ina 
“curtain” arrangement [88] of the slot-hybrid duplexer, 
a number of quartz switch tubes placed in each of the 
coupling apertures give a good power and bandwidth 
performance. 

Balanced duplexers may employ ATR tubes and the 
arrangement with two hybrid tees is rather like that of 
Fig. 5. For broadband performance, arrays of up to four 
tubes can be used [67] with advantage. The principle of 
power division can be extended and Fig. 15(b) shows an 
ATR duplexer in which the division is by a factor of 4. 
Such a duplexer for 2.6-3.1 gc, employing 1B44 ATR 
tubes with a 1B58A TR tube in the receiver arm, has 
given [88] satisfactory performance with powers up to 
5 mw peak, 4 kw mean. 

Circularly-polarized waves are employed in the 
balanced duplexer of Fig. 16. The input at T from the 
transmitter excites, via the transducer, a plane TE, 
wave in the circular guide which is converted, by the 
quarter-wave plate, to circular polarization. The usual 
two gas switches are here combined into a single non- 
polarized tube which reflects the incident wave with the 
opposite hand of circular polarization. After retravers- 
ing the quarter-wave plate, the energy emerges from 
arm A and proceeds to the antenna. Leakage power 
from the switch proceeds to the output circuit, in this 
case a turnstile, and thence into the dummy load L. 
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Fig. 16—Balanced duplexer using circular polarization. A quarter- 
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Fig. 17—Phase-change duplexer with slot hybrids. 
Frequency is 8.5—10.0 gc. 


In the low-level condition the gas switch is transparent 
and signals proceed from the antenna to the receiver via 
arms A and R. 

The polarization-twist duplexer, as its name implies, 
consists of a circular guide, supporting a TE mode, in 
which an array of, say, 20 discharge tubes provides a 
mechanism for rotating by 90° the plane of polarization 
of the transmitted wave. Suitable ports are arranged 
for connection to the transmitter, antenna, receiver and 
a dummy load. A simple krypton-filled tube, with quartz 
chips as the recovery agent, the CV2285, has been so 
employed by J. R. Thomas in unpublished work. 
Further protection is given by including [28], in the 
receiver arm, such TR tubes as the CV2378 and 
CV2429. The resulting duplexer is very successful as 
regards life and reliability in operation. 


C. Individual Function 


A major advance in reliability and performance has 
been achieved [28], [55] by evolving systems in which 
each duplexing function is performed by a separate tube 
designed specifically for that task. The duplexer can be 
branched or balanced and externally- and/or internally- 
excited tubes may be employed singly or in any combi- 
nation. For example, if electrodes are placed [98] in the 
gas filled auxiliary guidé of a full transfer directional 
coupler, the discharge can be made intense enough to 
cause cutoff. This means that the power flows un- 
interrupted along the main guide. Thus if an external 
prepulse of suitable amplitude is applied, power can be 

‘switched, during the period of transmission, from the 
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auxiliary to the main arm and back again. Other duplex- 
ing tubes may be added to give increased protection to 
the receiver. 

In typical arrangements [28] for a branched-guide 
duplexer, the single TR tube is replaced by any of the 
following combinations: 


1) Pre-TR tube, followed by a prepulsed attenuator 
and a passive-protection tube. 


2) Pre-TR tube, followed by an unprimed TR and a 
passive-protection tube. 


3) Pre-TR tube, followed by an unprimed TR, pre- 
pulsed attenuator and a passive-protection tube. 


A duplexer [54] for 9.5 gc based on scheme 1) employed 
a quartz-tube pre-TR switch [94], a prepulsed gas at- 
tenuator and a CV2359 passive-protection tube, the 
resultant leakage being less than 0.01 erg/pulse. An 
assembly for 3 gc, based on scheme 3), was made up 
from a CV2339, CV2378, CV2379 and VX3262 in that 
order: the transmitter power was 2.5 mw peak, 3.5 kw 
mean. At low levels, the total insertion loss was 0.5 db 
with a VSWR better than 1.2 over an 8 per cent band- 
width. At high levels, the spike with the CV2379 un- 
pulsed was 0.15 erg and pulsed, 0.01 erg: the over-all re- 
covery time was about 40 usec. 

Balanced duplexers using any of the configurations of 
Fig. 14 can be modified [28] by replacing each of the 
switches by a pre-[R/unprimed TR combination and 
inserting, in the receiver arm, a prepulsed attenuator 
followed by a passive-protection tube. The balanced 
duplexer of Fig. 17 employs [77] two power-sensitive 
phase-changers: each of these comprises a pair of 3-db 
directional couplers which, as the inset shows, divides 
incident power in arm 1 equally between arms 2 and 3 
with phase changes of 0° and 90° respectively. One of 
the phase changers is provided with a CV2482 pre-TR 
tube placed { X, in front of its short circuit. The elec- 
tronic length of the phase changer is hence 4 A, less for 
high-power signals than for low-power. Thus power 
proceeds from the transmitter to the antenna and from 
the antenna to the receiver. The VSWR in either condi- 
tion is better than 1.2, and the isolation better than 25 db, 
over the band 8.5—10.0 gc: the power-handling capacity 
is about 800 kw peak, 400 watts mean. The duplexer is 
completed by a pulsed attenuator and a CV2359 passive- 
protection tube placed in the receiver arm. In a life test 
of such a duplexer, only six receiver diodes failed in a 
total period of 36,855 h. 


VI. Mretuops or MEASUREMENT 
A. Attenuation and Impedance 


Measurement of the performance of both complete 
duplexers and the individual parts is required in the 
process of development and as a control during manu- 
facture. The methods described relate specifically to 
gaseous-discharge duplexers but they may be applied, 
with modifications, to passive and solid-state designs. 
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Typical measurements [6], [109 | include insertion loss, 
input VSWR and frequency bandwidth: they must usu- 
ally be carried out at both high- and low-power levels. 
The former usually involve extensive life tests and an 
economy of power by a factor 2" may be achieved [127 | 
by using a power-multiplication circuit of n-hybrid 
junctions. In general, the conventional laboratory in- 
struments must be supplemented by specialized equip- 
ment. 

The arc loss of, for example, a TR tube can be meas- 
ured by setting it up in a transmission line and com- 
paring the power entering the load with that when the 
tube is replaced by a short circuit. In experiments at 
35 gc, L. Hodgson, in unpublished work, obtained in- 
creased accuracy by a bridge method. The gas tube was 
placed in one arm and a calibrated attenuator in the 
other. A subsidiary attenuator and phase-changer were 
adjusted to balance the bridge with a short circuit in 
the tube mount. On replacing the tube, the necessary 
change in the calibrated attenuator to restore balance 
gave a measure of the arc loss. Increased accuracy, es- 
pecially at high powers when the fractional arc loss be- 
comes small, is obtained by replacing several tubes in 
line. 

Other properties which require measurement include 
minimum firing power, keep-alive characteristics and 
leakage due to direct coupling at the fundamental and 
harmonic frequencies. Transmission measurements on 
TR tubes should be made with the keep-alive discharge 
on: in this way both insertion- and interaction-loss are 
measured. With ATR and pre-TR tubes the position 
of the equivalent short circuit is important: this is 
usually determined by bridge methods, the tube being 
balanced by a moveable short circuit. 


B. Leakage 


The spike and flat leakages of a gaseous-discharge du- 
plexer may be separately measured by employing the 
cancellation principle. As shown in Fig. 18(a), the 
total leakage energy is first measured. Since this aver- 
ages only a few microwatts, a thermistor, with suitable 
bridge, is usually employed. A small fraction of the RF 
energy is coupled out of the transmission line into the 
output of the duplexer, the amplitude and phase being 
adjusted to give cancellation of the flat as observed on 
a fast sweep oscilloscope: this permits the spike energy 
alone to be measured. In practice [6] the flat leakage 
is not constant during the pulse and complete cancella- 
tion is not achieved. The measured spike will, therefore, 
be higher than its true value. With short pulses care 
must be taken to equalize the path lengths traversed by 
the leakage and cancellation signals. 

Another technique [109] employs a high-Q-factor 
cavity as a filter to discriminate against the energy in 
the relatively widely spaced sidebands of the spike. In 
the arrangement of Fig. 18(b) a suitably positioned re- 
jection cavity causes the flat power to pass through the 
transmission cavity and be measured by a thermistor. 
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Fig. 18—Methods of measuring duplexer leakage power. (a) Can- 
cellation of flat. (b) Separation of spike and flat by cavities. 
(c) Variable pulse length. 


For Q-factors of, say, 1000 only a negligible portion of 
the spike energy passes through the cavity: most of it 
proceeds along the line and enters a second thermistor 
where it is measured. The cavities must be precisely 
tuned and corrections made for their small reflection 
and absorption losses. 

Less specialized equipment is required in a further 
method using transmitter pulses of different durations. 
Measurement of the total leakage with several pulse 
durations enables the spike leakage to be determined by 
extrapolation to zero time. The requirement of a vari- 
able pulse-duration modulator is avoided by the use, as 
shown in Fig. 18(c), of an attenuator to which an exci- 
tation pulse can be applied at any chosen time following 
the spike. The rise in attenuation after pulsing must be 
rapid and values of 50 db/usec have proved satisfactory. 
If, for example, the transmitter has a pulse duration of 
one microsecond, the duration of the measured flat 
leakage can be varied in 0.1-usec intervals by successive 
reduction in the delay of the pulse generator. Extrapola- 
tion then gives, as before, the spike leakage alone. 


C. Recovery Time 


Measurement of the attenuation of a low-level signal 
as a function of time after the end of the high-power 
pulse gives the recovery time of a gaseous-discharge 
duplexer. In the arrangement shown in Fig. 19 the fre- 
quency of the signal generator is set near that of the 
transmitter and its output fed via a directional coupler 
into the duplexer. The range of times of occurrence of 
the probing signal should include an interval preceding 
the transmitter pulse to provide a reference level. The 
change in amplitude of the signal displayed on the os- 
cilloscope is determined by a calibrated attenuator. 

In a modification of this method, the transmitter is 
pulsed, for example, only once for every two signal- 
generator pulses: thus alternate low-level pulses come 
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Fig. 19—Arrangement for measuring recovery time. The amplitude 
of a low-level signal is observed as a function of delay after the 
transmitter pulse. 


through unattenuated. The signal on the oscilloscope 
shows two superimposed pulses, one unattenuated and 
the other affected by the recovery time of the tube. The 
difference in height of the pulses is a measure of the at- 
tenuation due to the recovery time. The recovery curve 
can be made continuously visible on the oscilloscope 
by arranging for the modulation pulses on the low-level 
generator to occur at different delay times or, better 
still, in rapid sequence [102]. Alternatively, by a square- 
wave modulating the IF amplifier at, say, 2 mc, the 
display can be made to show [6] a wave of this fre- 
quency varying in amplitude according to the recovery 
law. In all methods transmitter breakthrough must be 
avoided by using a resonant-cavity or waveguide- 
bridge filter supplemented by a blanking pulse on the 
receiver. These techniques are suitable for either low- 
or high-Q-factor TR tubes and can, with modification, 
be applied to gas attenuators, pre-TR and other tubes. 
ATR tubes, for example, can be measured by observing 
[6] the recovery time of the branching loss or main-line 
reflection by low-level probing techniques. 
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Impedances of an Elliptic Waveguide 
(For the eH, Mode)" 


G. R. VALENZUELA, MEMBER, IRE 


Summary—The power-voltage, power-current and voltage-cur- 
tent impedances for the elliptical waveguide for the fundamental 
-mode (,H, mode) are obtained by two different methods. 

The first method consists of using the exact fields inside a per- 
fectly conducting elliptical pipe. Numerical results were obtained by 
‘numerical integration of the integrals involving Mathieu functions 
‘by the Gaussian Quadratures method by a digital computer. 

In the second method approximate fields which satisfy the bound- 
ary conditions were used. By this approximate method, actual ex- 
pressions for the impedances are obtained as a function of minor to 
‘major diameter ratio with no need of numerical integration. 

The actual expressions for the impedance obtained by the ap- 
proximate method give the impedance for elliptical waveguide within 
six per cent. On the basis of comparison with the exact numerical 
solution the expressions for the approximate impedance give the 


-impedance of elliptical waveguide within three per cent if they are 
-scaled by 1.03. 


INTRODUCTION 


HU? in 1938 obtained numerical results for the 
. exact cutoff wavelength for several modes in el- 
liptical waveguides. He also obtained numerical 


results for the attenuation in elliptical waveguide. 


* Received by the PGMTT, January 15, 1960; revised manuscript 


‘received, March 31, 1960. This research was supported by the Wes: 
‘Air Force through the Wright Air Dev. Div, of the Air Res. and Dev. 


Command. The early work reported herein was supported by the 
Dept. of the Navy, Bureau of Ordnance, at the Applied Physics 


‘Lab., The Johns Hopkins University. 


+ The Johns Hopkins Radiation Lab., Baltimore, Md. 
1 


L. J. Chu, “Electromagnetic waves 1n elliptic hollow pipes of 


-metal,” J. Appl. Phys., vol. 9, pp. 583-591; September, 1938. 


Kihara? published a paper in 1947 using the varia- 
tional method to determine the propagation constant 
of hollow pipes and cavities. Kihara was able to obtain 
the propagation constant of an elliptical waveguide 
within one per cent, in the first approximation, using 
trial fields. 

In 1958 Harrowell? obtained the impedance of ellip- 
tical waveguide by using an approximate method. He 
showed that the magnetic field lines inside a circular 
waveguide were approximately ellipses. Therefore, he 
was able to introduce conducting ellipses without dis- 
turbing the fields. Harrowell did not mention within 
what degree of accuracy his impedances would com- 
pare with the, exact value. 

Harrowell’s voltage-current impedance agrees per- 
fectly with our exact impedance, but his impedances in- 
volving power differ from our exact values; this differ- 
ence is greater for eccentricities close to unity.* 


2’T. Kihara, “Approximate methods regarding electromagnetic 
waves in hollow pipes and cavities,” Phys. Soc. Japan, vol. 2, pp. 
65-70; 1947. 

3R. V. Harrowell, “An approximate theory for determining the 
characteristic impedance of elliptic waveguides,” J. of Electronics 
and Control, vol. 5, pp. 289-299; October, 1958. 

4 In private correspondence we pointed out to R. V. Harrowell 
that Ji’(kr)=0 was not correct inside the circular waveguide. 
Harrowell acknowledged this. Despite the fact that he modified his 
impedances, a discrepancy still exists. 
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In the approximate method used in this paper Kihara’s 
trial fields are used to obtain the expression for the 


impedances. 


THe IMPEDANCE IN WAVEGUIDE 


The impedances in a waveguide are arbitrarily de- 
fined as,° 


2W 


i” dR ee 


VV 
ZLywy = ) Zyt = 


2W 


for sinusoidal fields, where * as superscript indicates the 
complex conjugate. V is the maximum voltage across 
the waveguide, J is the total axial current and W is the 
power flowing down the waveguide. 

The impedances obtained by these expressions are all 
different. 


THe Exact IMPEDANCE 


The exact impedance is obtained by using the exact 
fields in the elliptical pipe. The fields components of an 
H wave in an orthonormal system 11, tw, us of coordi- 
nates can be expressed as® 


— O7TI5* uw 02II3* 
Fy =) ae : ) Ey = : ) E3 = 0, 
hy Otdue hy dtouy 
F020. 1 o7II,* 
A, =— 9 Ly = » Hy = (22 CP 
hy, oto, he OZ0Us 


where 


II;* =the magnetic Hertz vector in the direction ws, 
s=permeability of the medium, 
k =free space propagation constant, 


wV/ Mo€o a 27/Xo, 
8=waveguide propagation constant 27/N,y, 


and fy and hy are the metric coefficients of the respective 
coordinates. 
In elliptical coordinates, 


x = gq cosh wu cos 2, 


y = q sinh w sin v, and 


Pita 


where g is the semifocal distance; wu and v are the radial 
and angular variables, respectively. 

The magnetic Hertz vector must satisfy the wave 
equation. In elliptical boundaries the magnetic Hertz 
vector satisfies the wave equation if it is expressed as 
a function of Mathieu functions. For the fundamental 
mode (./f; mode), 


5S. A. Schelkunoff, “Impedance concept in waveguides,” 
of A ca vol. 2, pp. 1-15; April, 1944, same eel 
6 J. A. Stratton, “Electromagnetic Theory,” McGraw-Hill Book 
Co., Inc., New York, N. Y., p. 351; 1941. rg os oc 
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B 
I,* = —-—— Je,(u)Sei(o 
3 (e — B) €1(u)Se1(v) 


where 


= (1) 
Sev) = >> Dene cos (2k + 1), 
k=0 


l| 


n/a 


io 2) 

(1) 
SS De (2n41)J x+1(h cosh u“) 
R=0 


Je,(u) (/ 


and the coefficients De(t., can be found in National 
Bureau of Standards’ tables.’ 

B is a constant, Sei(v) is an even Matheiu function, 
Je,(u) is an even modified Matheiu function of the first 
kind, and the Mathieu functions have h=q(k?—6?)¥/? 
as a parameter. 

Assuming an e*¢-8) dependence, the field compo- 
nents in elliptical coordinates are 


Ee pee es ee 
qi(k? — ?) 
E, = B ae Jey’ (u)Sex(v), 
qi(k? — B”) 
ja. 
Heg= B st Jey’ (u)Se1(v), 
qu(k® — B?) 
H, =—B 2 Je(u)Sey' (2), 
qulk? — 6?) 
and 
A, = BJe(u)Sex(v) 
where 
qi = q(sinh? # + sin? v)!/? 


and the prime denotes the derivative with respect to 
u Or Uv. 

For readers who desire to know more about Mathieu 
functions and their derivatives, papers by Wiltse and 
King*: are very appropriate. 


A. The Voltage 


Schelkunoff'? showed that the maximum voltage 
across a circular waveguide can be obtained from the 
longitudinal component of the magnetic field. 


‘ National Bureau of Standards, “Tables Relating to Mathieu 
Functions,” Columbia University Press, New York, N. Y.; 1951. 
7 8 J; a be ae on J nbn vale of the Mathieu Func- 
ions, e Johns Hopkins Rad. Lab., Baltimore, Md. ; 
oor August, 1958. ny Roi 
*M. J. King and J. C. Wiltse, “Derivatives, Zeros d Oth 
Data Pertaining to Mathieu Functions,” The Johns fopkine Rad: 
Lab., eee ee Rept. AF-57; December, 1958. : 
. A. Schelkunoff, “Electromagnetic Waves,” D. 
Co., Inc., Princeton, N. J., p. 324; 1043. ' Hage ey 
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In elliptical coordinates, the maximum voltage across 
the waveguide can also be obtained from the longitudi- 
nal magnetic field: 


to 2(u, v) am Top (Rk? a B*) II." 
iwul 0 /drL* @-/ olla. 

Flas an) Pm or) 
qi° LOw \ Ou dv \ Ov 


gqiku oll “% 
es and = 
Ov — 10) Ou 


substituting 


oll. 


“into H., and then integrating, it can be easily shown 


that 
u0 aw/2 ud 1 
V = ion f { H.(u, v)dsidsy = 2f Ey (1.7 Jas. 
0 —7/2 0 - 
Accordingly, 


uo ar/2 
i ion f { H.dsids_ 
0 —7/2 


ud w/2 
= iwu Bq? { {F (sinh? w + sin? v)Je:(u)Sei(v)dudvdsdse 
0 —7/2 


dsidsy = q:2dudo (differential area). 


If we let J; represent the integral, then the final expres- 
sion for the maximum voltage across the waveguide is 


V = Bioug?hs. (1) 
B. The Current 


If we consider that the elliptical waveguide is in a 
position such that the major diameter is horizontal, 
the axial current flow is in one direction on the top face 
and in the opposite direction in the bottom. Then the 
total axial current can be obtained by the integral of 
the transverse tangential magnetic field on the upper 
half of the elliptical pipe: 


— Bip 
(k? — 6?) 


and the final expression for the current is 


I =i H, (uo, v)ds2 = Fex(ue) f Sey’ (v)dv 
0 0 


2i8 
f= B rs) J e1(uo) (2) 


0 
where ko?=(k*—B?). 
C. The Power 
The power flowing down the waveguide is 
1 
— EP XxK-Hi ds 


wu volume 


if uo gee 
—{ if igi,” > E,H,*)dsids2:1 
2J0 Yo 


W 


ll 
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and 
: F wu ud Qa , 
WS | B al f |Jex2(u) Ser’ (v) 
+ Jes’?(u)Se2(v) |dudv. 
Although 
{ Se(v)dv = + eae a 
0 k=0 
and 


[Seronde= aE e+ 0 Deal 
0 k=0 


In the paper the values of the Mathieu functions were 
obtained directly by integrating the Mathieu equation, 
these expressions were not used, and the actual integra- 
tion was performed. 

If we let the integral be represented by J2, the power is 


aup 
2ko? 


WB I». (3) 


Now the impedances can be easily obtained. Let 
Zy=1207(A,/d) and h=q(k? —6?)", then 
h*T;? 


Zywt = “20 
2 


and 
Ts 


rata -Zo (4) 


i 


At the cut off 6=0 


Qa 
a i 
and the cut off wavelength is 
1 TweA 
ee ees 
h h 


where 


e=eccentricity and 
A =major diameter of the ellipse. 


Numerical Results 


The values of the Mathieu functions and their de- 
rivatives required for the numerical integrations were 
obtained directly by integrating the Mathieu differential 
equations by the Univac-1103A computer. 

The characteristic values be; were obtained from the 
expression be:=a+s/2, where s= h? and a is a continued 
fraction expansion of s. @ was evaluated by using a rou- 
tine available for the IBM 650 computer for each s. For 
more details see a paper by Valenzuela and Bitterli.1 


1G. R. Valenzuela and C. V. Bitterli, “Tables of Even and Even 
Modified Mathieu Functions of Order One of the First Kind and 
Their Derivatives,” The Johns Hopkins University Appl. Phys. Lab., 
Silver Spring, Md., Rept. No. APL-CM-966; November, 1959. 
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TABLE I 
B/A 2 =eccentricity S= Uo Ty To Je (uo) 
1.0000 0.0 0.0 ee) 00 2.000 0.7300 
0.92367 0.3821 0.50 1.6135400 3 .8394620 1.9616937 0.7420 
0.8415 0.540 1.00 1.2263444 1.8158124 1.9072496 0.7560 
0.7517 0.660 1.50 0.97686012 1.1244031 1 .8232323 0.7720 
0.6512 0.759 2.00 0.77738676 0.76092589 1.6947832 0.7890 
0.5348 0.845 2.50 0.59694283 0.52235541 1.4991724 0.8067 
0.3862 0.924 3.00 0.40732370 0.32811390 1.1679826 0.8255 
0.1181 0.993 Sno) 0.11873645 0 .089946928 0.38690746 0.8455 
0.0 1.000 ee) 0.0 0.0 0.0 ee) 
1.0 2.0 
1.8 
0.8 1.6 
1.4 
0.6 12 
Z 
amit Zyi, 1.0 
Za EXACT >. 
0.4 —- 5.6 
APPROXIMATE EXACT 
0.6 APPROXIMATE 
0.2 0.4 
B=MINOR AXIS B=MINOR AXIS 
A=MAJOR AXIS 0.2 A= MAJOR AXIS 
ie) fe) : 
fo) 0.2 0.4 0.6 0.8 1.0 ie) 0.2 0.4 0.6 0.8 1.0 
B/y B/y 
Fig. 1—Power-current impedance vs minor- Fig. 3—Voltage-current impedance vs minor- 
to-major diameter ratio. to-major diameter ratio. 
(2304 
2.0 1.70 -— 
1.8 
1.6 1.69 
1.4 
1.2 % 1.68 
Zwy 7 EXACT 
Zo 1.0 bVhe aS Noh 
APPROXIMATE EXACT 
0.8 G 1.67 APPROXIMATE 
YY 
0.6 Sg 
0.4 1.66 
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‘D By 


Fig. 2—Power-voltage impedance vs minor- 
to-major diameter ratio. 


Fig. 4—Cutoff wavelength per major diameter 
vs minor-to-major axis ratio. 
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The integration of the Mathieu functions were per- 
formed using the Gaussian Quadratures method, sixteen 
points. The lowest root of the radial Mathieu functions 
were obtained by using the Univac-1103A. 

The axial ratio corresponding to each / can be found 
from 


B aes ee Se 
tanh uw = a and e = +/1 — tanh? m. 
Note that all the quantities can be obtained from the 


parameter h. Hence the normalized impedances are 


* only functions of this parameter. 


Numerical results obtained by the computer are 
given in Table I. 
THE APPROXIMATE IMPEDANCE 


The approximate impedance was obtained using 
Kihara’s approximate field components 


E, = 2x, : 
x? 

ei er) 
a 


2 


major diameter A=2a and minor diameter B=2b. 
These approximate fields do satisfy the boundary con- 
ditions. 

Now we proceed to calculate the maximum voltage, 
total axial current and the power flowing in the elliptical 
waveguide using the approximate fields. 


A. The Voltage 


The maximum voltage across the waveguide is 


b 
2f E,dy 
6 z=0 
b x 
2f | ot + 6?) (1 — =) — | dy 
0 a” 


performing the integration and the voltage is 


V 


I 


I 


z=0 


V= : (3075 +0"), (5) 


B. The Current 


The total axial current flowing can be obtained from 
b x0 
ice zai) if Hiandxdy xo = al — y?/b?)1”?, 
0 40 
and the expression for the current is 
Mp : (2a? + ad’) : (6) 
—Si—— a a — 
3 Zo 


C. The Power 


The power flowing down the pipe is 


2 b x0 
W= —{ f (BE, + £,?)dudy 
Zot o Y 0 
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and the power is 
Tv 
W= ae (15a°b + 110%? + 2ab*). (7) 
0 
The expression for the approximate impedances are 
32 r(3 +7’) 
Pe Bea sear) 
3m r(15 + 117? + 2r4) 
SY (2 + r*)? 
and 
(3 + r?) 
Vil ea er a 
CE) 
where 
b 
r=—: 
a 


In Figs. 1, 2 and 3 the exact and approximate imped- 
ances have been plotted for comparison. The exact cut- 
off wavelength and Kihara’s approximate cutoff wave- 
length have been shown in Fig. 4. 

Kihara obtained the propagation constant for the 
fundamental mode in elliptic waveguide using his trial 
fields, and his first approximation is correct to within 


one per cent: 
(ibys aXe 
na rds 
6 (3+7°’) 


Although Chu had already presented the cutoff 
wavelength for this mode, we present it here once more 
in a form easier to use. Chu in his paper plotted d./s 
against eccentricities, where s is the circumference of 
the elliptical waveguide. 


CONCLUSION 


The exact values of the impedances are presented 
numerically and graphically. Expressions for the im- 
pedance of an elliptical waveguide are given. The im- 
pedance is obtained within six per cent of the exact 
value using the approximate results. Comparison of the 
curves indicates that expressions (8) can give the im- 
pedances of elliptical waveguide within three per cent 
of the exact values by scaling them by a factor of 1.03. 
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Analysis of a Transmission Cavity Wavemeter* 


LEO YOUNGT, FELLOW, IRE 


Summary—A section of transmission line partially closed off at 
each end constitutes a cavity wavemeter. If fixed in length, it may 
be used as a reference cavity; or if tunable, it may be used to deter- 
mine frequency. Such a cavity is here treated systematically as a 
lossy transmission line, with the two end couplings either lossless or 
symmetrical. The analysis is by means of the transfer or wave 
matrix. Various expressions are derived which have previously not 
been obtained, or for which only approximate expressions have been 
derived from ‘‘equivalent circuits.” 


I. INTRODUCTION 
\ “transmission wavemeter” is a wavemeter which 


normally reflects most of the power incident on 

the generator side. It transmits appreciable 
power from the generator to the load only over a narrow 
frequency band. The load is often a crystal detector 
which peaks sharply as the wavemeter or generator is 
tuned through resonance. This transmission line circuit 
may be represented as shown in Fig. 1, where 


@i, G2, do’, and a3 are wave amplitudes in the di- 
rection from generator to load (left to right in Fig. 1) 
at the reference planes shown, 

by, be, be’, and 63 are wave amplitudes in the reverse 
direction (right to left in Fig. 1) at the same reference 
planes, and 


bs 


Tp = (1) 


a3 


is the reflection coefficient of the load as measured at 
the last reference plane. 


The wave amplitudes a and 0 will be defined in terms 
of power flow! by 


| «|? = power flow in the forward direction 


(i.e. towards the load), 


I 


| 8? 


power flow in the reverse direction 


(i.e. back towards the generator). (2) 


The cavity is supposed to be coupled to the outside 
by two identical couplings (holes or irises, etc.), one at 
each end of the cavity (Fig. 1). We shall also take each 
coupling in itself as either lossless or symmetrical (and 
possibly lossy), since this simplifies the analysis, and the 
general case of unsymmetrical lossy couplings is not 
commonly found. No further restriction is placed on the 
kind of coupling (e.g. iris thickness, etc.). 


= Received by the PGMTT, February 25, 1960; revised manu- 
script received, March 11, 1960. 

} Electronics Div., Westinghouse Elec. Corp., Friendship Inter- 
national Airport, Baltimore, Md. 

*L. Young, “Transformation matrices,” IRE TRANS. ON Crr- 
cuit THEory, vol. CT-5, pp. 147-148; June, 1958. 


REFERENCE PLANES: 4 3 e 
| 
| 
| 


GENERATOR 


LOAD 
(|= bs/os) 


I 
~-—_——_ CAVITY ast 
LENGTH = 9 


TRANSFER MATRICES BETWEEN REFERENCE PLANES: 
T(1—2)=T,T (2-3) = ©, T(34)=T. 


Fig. 1—Transmission wavemeter cavity. 


The electrical length of the cavity, @ radians, is 
measured between the two reference planes inside the 
cavity, and is defined by 

27 X cavity length (between inside reference planes) 


guide wavelength, \, 


The treatment presented here is exact to the extent 
that a) higher-order modes may be neglected, and b) the 
variable quantity in the definition of @ is cavity length 
rather than guide wavelength (cavity tuned at fixed 
frequency), since the coupling parameters at each end 
of the cavity will generally be frequency sensitive and 
so vary with guide wavelength. Under certain conditions 
it is not necessary to stipulate b), and @ can be taken as 
a frequency variable (fixed cavity and tunable signal 
generator). This occurs for instance when the couplings 
are ideal transformers,” which can be realized closely in 
practice with H-plane waveguide steps. 


Resonance 


In a simple series L-C-R circuit driven by a constant 
voltage generator, the current in the circuit, the voltage 
across L, the charge on C, etc., reach maximum or 
“resonance” at slightly different frequencies. The 
“resonant frequency” is usually understood to be the 
frequency for current resonance, and is independent of 
the resistance R. 

With a cavity too, the reflected wave, the transmitted 
wave, and the internal fields reach maximum or reso- 
nance at slightly different values of 6. However, Q is gen- 
erally large; it is usually several thousand in microwave 
wavemeters, so that to speak of a resonant length or 
frequency is in general substantially correct. 

Of all the resonant lengths, the most convenient one 
is perhaps that length which gives amplitude resonance, 


*L. Young, “Design of Microwave Stepped Transformers with 
Applications to Filters,” Ph.D. dissertation, The Johns Hopkins 
University, Baltimore, Md.; 1959. 
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that is, maximum wave amplitudes inside the cavity. 
There are two reasons for this choice. The first is that it 
is applicable to every cavity wavemeter, regardless of 
external connections. The second reason is that the 
pole, which determines the maximum internal cavity 
fields, also occurs as a pole in the expressions for the 
reflected and transmitted amplitudes, as will be seen 
later. 


Il. ANALYSIS BY TRANSFER MATRICES 


Consider a wavemeter symmetrically coupled as 


~ shown in Fig. 1 by two separate couplings, into a wave 


generator on the left and into a load on the right. (The 

generator and load are only coupled via the cavity.) 
The wave or transfer matrix! will be used. The 

cavity length 6 is introduced by the line transfer matrix 


©, given by 
ey? 0 
o-(‘ me) o 
where 
A 
J=7--—) (5) 
2a 


A being the attenuation of the cavity transmission 
line in nepers per guide wavelength. (For a wavemeter 
with no internal losses, 4 =0, and then J reduces to 
j=v-1.) 

Since each coupling hole has been taken to be either 
lossless or symmetrical (and possibly lossy), the two 
reference planes associated with each coupling may be 
chosen so that the reflection coefficient TI’ of a single 
coupling hole is the same from either side (in amplitude 
as well as phase), and its transmission coefficient T is 
the same in both directions. Then the transfer matrix 
of a single coupling hole may be written? 


ieee ) - 

aS =(. 7? — [2] 

c _ T1997 (ay (7) 
- fp 


ee Ge ") 
s) - at ae tN Oo 
yee? TN /ay 
8 
( —T 5) (‘") 8) 


3G. L. Ragan, “Microwave Transmission Circuits,” Mass. Inst. 
Tech. Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, 
N. Y., vol. 9, pp. 551-554; 1948. 


From Fig. 1, 


In full, 


4C, G. Montgomery, R. H. Dicke and E. M. Pureell, “Principles ° 


of Microwave Circuits,” Mass. Inst. Tech. Rad. Lab. Ser., McGraw- 
Hill Book Co., Inc., New York, N. Y., vol. 8, pp. 150-151; 1948. 

5 L. Young, “An Analysis of Resonant Cavities by Matrix Meth- 
ods,” M.S. thesis, The Johns Hopkins University, Baltimore, Md.; 


1955. a, 
6. Young, “Branch guide’ directional couplers,” Proc. Natl. 


Electronics Conf., Chicago, Ill, vol. 12, pp. 723-732; 1956. 
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Now 03/a3 is the reflection coefficient [';, of the load in 
the reference plane of the cavity, on the load side: 


bs 


a3 


lrg (1) 


Eq. (8) represents two simultaneous equations. Sub- 
stituting (1) and eliminating 01, yields 
a3 if 
a (9) 
ay D, 
where 


De = eo ye Te ae 2 eal Oa) 


Dividing the two simultaneous equations (8), substi- 
tuting (1), and solving for b/a yields 


iy TAG ANS r){r4+rz(7?—-1)}e 


bt 
Fa D (11) 
From (11) and from 
O26) 
bs by 
it follows that 
TO — Pipe? 
Caah Nerina (12) 
ay dD, 
and 
by Tepe Th Pee 2" 
ee uf ea aR 


ay, D, 


III. ANALYSIS FOR LossLESS COUPLINGS 


From here to the end of the paper it will be supposed 
that the couplings themselves introduce no loss. Then 
from energy considerations 


(eee ee ee (14) 


The reference planes of the lossless coupling hole may 
be chosen (without loss in generality) so that I is real; 
then it can be shown?® that 7 must be imaginary, and 
therefore (14) becomes 


Borat (15) 
Eqs. (10) to (13) then reduce to 
T2¢-J8 
i gets (16) 
ay Do 
b ra =r) =] cr = » e278 
ee ( ROMY Fae KC L) a7) 
ay, Dy» 
9 = be 
Lest Dy (18) 
ay Ds 
Ms Seo 
bs S ( Le (19) 


ay, Dy» 
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where 
Dy» = (a = 1p) — ie — Tye. (10b) 
Reflectionless Load 
If further '; =0 (for a reflectionless load), then 
T2e-28 
eae ots (20) 
ay D3 
T(1 — e276 
by sS ( é ) (21) 
ay D3; 
ve 
eae (22) 
ay Ds; 
Osea exaee 
—— eerie (23) 
ay D3 
where 
Oe 1 tees (10c) 


Poles and Zeros 


The response functions (9) to (13) have the same pole 
in the complex @ plane, given by 


fet Ebates sk) 
- Pet 


e2J9 


(24) 


In the special case of lossless coupling (I'=real, with 
T=imaginary), reflectionless load ([,=0), and zero 
cavity waveguide attenuation (4=0), the resonant 
length is 


09 = nr, (n = integer), 


(25) 


when it is measured between reference planes defined by 
T'=real. The multiplier 7 will be called the Harmonic 


Number. If the losses are small, 7 is still nearly integral. 
Then 


n= [7] =e: (26) 


where [m] is integral and € is small. In this case [7] will 
be called the Harmonic Number. 


The only zero occurs in the expressions for the re- 
flected wave b;/a. It is given by 


(7 —M){r+7r.(7?— 7} 
r(1 — rTP) 


e2J9 — 


: (27) 


This zero will generally be close to the pole. If the cavity 
line attenuation A =0, the transmitted wave and fields 
inside the cavity reach maximum or minimum values 
together; the reflected wave will do so in general at a 
slightly different 6. This value may be found graphically 
by plotting the locus of the vector 6;/a; for various 0 
near resonance. 


Resonant Length or Frequency Pulling 
by a Mismatched Load 


Eqs. (24) and (25) establish the resonant length pull- 
ing due to a mismatched load when the cavity coupling 
is lossless. Then 6 has to be increased by 
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1 Mae = It 
69 = — arg [a ear (28) 
2, ih PP 
1 ie 
= ans] \ v) |, (29) 
Z ih = IP IP 


if it is not too far from the resonant value =r. 
Note that if both I and I; are real in the same refer- 
ence plane, there will be no pulling. 


Maximum Transmitted Amplitude 


The maximum values of the internal and transmitted 
waves are obtained when 6=nz7 is substituted in (20), 
(22), and (23), if the load is reflectionless, or @ from 
(29), if it is not, into (16), (18), and (19). 

We thus obtain for a reflectionless load (C'; =0), 


ry 1 = Sr? 
Cigale | as 
Oana 1— | TP |2m? 1— |T [2m 
where 
m2 = e~Ablr (31) 
while if the load is not reflectionless 
1— |T}/? 
oe |T| ey 
Qilmex |1—Tir| — |rr—Tz)|m 
Eq. (30) can be written in terms of Q. Define 
Xo 
=> 32 
"I (33) 


where \,=guide wavelength, and \=free space wave- 
length. The quantity s? often occurs in the theory of 
dispersive transmission lines** and will be called the 
“dispersion factor.” 

It can be shown’ that Q is given very closely by 


TS? 1 ae e Ablx 
CT a T= [rpear- Seg 
Since 
1 — | I?m? = ou , (35) 
Q 
therefore 
Cae th 
a max : neseae (36) 


Resonance Amplification 


If I’; is not zero, the maximum amplitude inside the 


cavity is given by G| T|, where G is the “resonance am- 
plification,” 


| a2] + | b0| 
| a, 

_ I rl{lt=rir] + [r= ri] m} 

|1-—Tar| — |r — rm? 


7L. Young, “Q-factors of a transmission line cavity,” IRE Trans. 
on Circuit THEORY, vol. CT-4, pp. 3-5; March, 1957. 


Gl Te 


max 


87) 
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while if ', =0, this reduces to 
| a2| + | b2| 


| a1 | 


For the rest of this discussion consider only the case 
of a reflectionless load, '; =0. 
Since |r| ASS anal om 


_[rlat (rim) 
Loe | 1 |2m? 


(38) 


max 


Die 2|r| 
i | a, | a | T° |2m2 
eee (39) 


Thus the resonance amplification G is approximately 


20 


C= (40) 


NTS” 


In series (or shunt) L-C-R circuits the voltage (or 
- current) resonance amplification is Q. The resonance 
amplification G here defined is proportional to Q, but if 
expressed in terms of Q, is also inversely proportional 
to the harmonic number 1, and the dispersion fac- 
tors s?. 


Bandwidth 


The cavity bandwidth can be obtained from (20) or 
(22), when T';=0. The bandwidth is defined in the 
* usual way by W= 2Af, where +Af is the deviation from 
the resonant frequency, which reduces 


ay a3 1 ’ f 
—| or |—| to —=of their maximum values. 
a4 ay 2 
Now 
aN Ge. aNXg 
es Sf ==] SaaS 5 41 
if ; ed (41) 
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Hence 
2fo) AG. 2for Ae 
i= Whe = shee (42) 
5205 2 at 


where +A@ is the deviation of @ from its resonant value 
6)=n7, which reduces | a2/a1| and | a3/a,| to 1/+/2 of 
their maximum values. 

For high Q this will be given approximately by 


1— | 12m? = 2A0. (43) 
Hence by (35), 
2A0 2 nts” (44) 
Q 
Therefore 
Was Jo. (45) 
Q 


This result is not surprising since it is the familiar ex- 
pression for a series or shunt L- C-R circuit, except that 
there it is exact (whereas for a transmission line cavity 
it is only a good approximation for high Q). 


IV. CONCLUSION 


An analysis of a transmission wavemeter has been 
presented which, given a single-mode in each section of 
transmission line, is exact. This treatment is based on 
the transfer matrix, and does not require the use of 
equivalent L-C-K circuits.® 
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Scattering of a Plane Wave on a Ferrite Cylinder 
at Normal Incidence* 


W. H. EGGIMANN{ 


Summary—tThe scattered field is given as a series of cylinder 
functions. If the ferrite cylinder is magnetized along its axis the 
scattering pattern becomes asymmetrical about the direction of 
incidence. Approximation formulas for the thin cylinder and the far 
field zone are given. It is shown that in the first approximation the 
amplitude is an even function and the phase angle of the field is an 
odd function of the scattering angle. Exact numerical results have 
been obtained with a Univac digital computer. By a suitable ar- 
rangement of the ferrite cylinders, a unidirectional pattern can be 
obtained which is controlled by the applied magnetic dc field. 


INTRODUCTION 


HE scattering of a plane wave on a dielectric 
Glia. has been discussed in a number of papers. 
The complete solution for arbitrary incidence has 
been given by Wait.! He also discussed approximate 
solutions for the far field zone and the case of a cylinder 
whose diameter is small compared with the wavelength. 
In this paper the scattering of a plane wave from a 
homogeneous ferrite cylinder is investigated. The dis- 
cussion is restricted to the case of normal incidence, for 
which an exact solution in form of a series of Bessel func- 
tions can be found. The ferrite rod is magnetized along 
its axis. Because of the nonreciprocal properties of the 
ferrite material, a nonsymmetrical distribution of the 
scattered field with respect to the direction of incidence 
is to be expected. The scattered field is a function of the 
permeability tensor of the ferrite, which in turn depends 
on the applied magnetic de field. It is, therefore, possi- 
ble to control the scattering pattern of the ferrite cylin- 
der by the magnetic field. 


THE MATHEMATICAL SOLUTION 


An infinitely long ferrite cylinder with its axis along 
the z direction is considered. A dc magnetic field is 
applied along its axis. A plane wave is incident in the 
positive x direction. With these assumptions the prob- 
lem is reduced to two dimensions in the x-y plane. The 
polarization of the wave is arbitrary. The field can then 
be decomposed in two waves, one which is polarized 
normal to the cylinder axis (E=Ea,) and one which is 
polarized parallel to it (H#=E,.) (see Fig. 1). In the first 
case the magnetic field of the wave is parallel to the axis 
and to the applied magnetic de field and, therefore, no 
nonreciprocal interaction between the field and the mag- 


* Received by the PGMTT, January 4, 1960; revised manuscript 
received, February 23, 1960. 
{ Department of Electrical Engineering, Case Institute of Tech- 
nology, Cleveland, Ohio. 
2 J_R. Wait, “Scattering of a plane wave from a circular dielec- 
he oe at oblique incidence,” Can. J. Phys., vol. 33, pp. 189- 
; 1955. : 
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Fig. 1—Plane wave incident normally on a 
circular ferrite cylinder. 


netization of the ferrite takes place. Hence the tensor 
permeability reduces to a scalar. In other words the 
problem is the same as the one for a dielectric cylinder.! 
For the wave polarized parallel to the z axis, however, 
the magnetic de and ac fields are normal to each other, 
so that the ac field interacts with the precessing mag- 
netic dipoles of the ferrite. In this case one has to use 
the tensor permeabilities in Maxwell’s equations, 


aD 
curl H = oe = jwD = jweE, (1a) 
t 


curl FE = — ——-= — jwB = — jop-H. ~ (1b) 


Because there is no variation in the g direction, (1b) can 
be replaced by the two-dimensional tensor equation 


) 


177 HO 1.7 Os Nas 
B= —— VE, = ——( ). 
jo\—1 0 io NO ) 


ay 


E,, (2) 


where V is the two-dimensional symbolic gradient. Thus 
the magnetic field H is in free space 
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1 (al 
I ee: gece “VE, (3) 
qo — 1 0 
in ferrite 
7 1 ae ( 0 ) ' i 
= — — eat ory °V ae 
Roe | siar0 4 


The permeability tensor @ can be calculated from the 
simple model of the precessing magnetic dipole moment 
of the electron in a magnetic field. One obtains in two 


dimensions 
bu ee) » 
p=. (S) 
ee a 


where the two components yu and & are given by 


y*uoH Bz — w 
ee = Tet 2 92 2 2 (6) 
yuo Ho” — w 
and 
wynoM. 
k Sele 9 9 2 9 , (7) 
Sef lah Tee 


where B,=uo(H)+M.) and y=gyromagnetic ratio of 
the electron spin. From (5) the reciprocal tensor perme- 
ability can be calculated 


1 im Bi) 
—\—-1 — ‘ 8 
OS eran eta (8) 
- Combining (4) and (8), 
1 1 —4k 
H=-— ("ve 
Gl ks «7k 


This gives in Cartesian coordinates 


1 (it OE: 2) (10a) 
sl = m a 
jo(u? — k*) 4 Ox oy 
1 OE, ) 
= 5 (10b) 
OT old = 2) ¢ dx” Oy 
and in cylindrical coordinates 
1 Ey w ne ahi er 
jee. oma (: ar 0) ae (11a) 
w(u? — #7) or r dd 
1 OE, iL QUz, 
oe (is a ). (11b) 
w(u? — k?) or r odo 


INCIDENT FIELD 


In order to apply the boundary conditions (continuity 
of the tangential electric and magnetic field at y=a) it 
is necessary to express the incoming plane wave in 
cylindrical coordinates: This can be done in terms of a 
series of Bessel functions® 


2C, L. Hogan, “The microwave gyrator, ” Bell Sys. Tech. J., vol. 


. 1-31; January, 1952. * ‘ 
et: Py. H. eae WPlectromagnetic Theory,” McGraw-Hill Book 


Co., Inc., New York, NxY., p. 372; 1941. 
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ine — Eve? @'#2) _ Eye? *t-8r cos ¢) 


= Eye#t D> (4)"J,,(Br)e-in®, (12) 


n=—0o 


The magnetic field is given by (11) when w=po and k=0. 


; ik We, dy gee 
Fo * SY (j)"In(Br)ne-™ ~— (13a) 
WMo £ 0p WLOY n=—o 
ee Okie Lim) a 
Hy = = ye Gade (Br)e—i"4, (13b) 


wo OF Boy ees 


All derivatives are with respect to the argument Gr. 


SCATTERED FIELD 


For the scattered field a similar representation is 
chosen. Here the Hankel functions of the second kind 
have to be used, because the asymptotic approximation 
for large arguments give a decreasing outgoing wave. 


De dnt, (Br)e-i6 


[DS = (14) 
aE ee : 
set a ys On? Hy, (Br) ne—ine (15a) 
WUo TT n= 
iB a 
feces — ee S, aH, (6r)e 12, (15b) 


WL n=—co 


INSIDE FIELD 


Inside the ferrite the field is represented by Bessel 
functions of the first kind. 


ine} 


E. = >> anJn(Bor)e-ine (16) 
! : Y —jnp 
Epes oada(Baryne- | (17a) 
Y n= 
j = ; =e 
its i w(u2 — h?) | 2) a ile ; 
k ©& 
= ae SS tad aur ne™ | A (17b) 
Te, ae 


It can be shown that in the ferrite material the wave 
number is given by 


Bo? = "Wert ’€, (18) 
where 
je _ Rk? 


bh 


(19) 


Meff = 


In (13) to (17) the harmonic time dependence e’** is 
omitted. 
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k 
Ko (1 as =) =H 
Meff K 

k 
Ko (: 4s “) ag 
Meff MK 


BoUNDARY CONDITIONS 


+ H,° (Br) 


Continuity of the tangential electric and magnetic 
field requires 


ane 4. JB eee — EK at.7— @ 
jal labeey = Ie ks atr= a. 


(20) 
(21) 


Substituting (12) to (17) in (20) and (21) and eliminat- 
ing a, yields 


D,(62a) Jn’ (Ba) 
J,(B2a) J, (Ba) J (Ba) ) 
= = ye ) 22) 
an Eo(j) D,, (82a) H,,' (Ba) H,, (Ba) ( 
J ,(B2a) H,,°) (Ba) 
where 
2 k 
Dales) = =) 5,100) +— (6x) |. (23) 
Mets B bw Boa 


For k-0, the permeability tensor @ reduces to a scalar 
and one obtains the case of the dielectric cylinder.* 
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1 € 
baa x(6a)*Es) =i (< i ) Ho (Br) 
4 €0 
Mo (1 mt =) ey, 
Meff K 
A 
A = -) ney 
Meff b 


B. Far Field Approximation, Br>1 


Here the asymptotic approximation for the Hankel 
function with large argument is used 


(27) 


H,,(z) ~ 2 ete ti (nm/2)+7 (4/4) = (4)"H (2), 
Z70 TZ 


(28) 


where H)®(z) is given by this equation. Combining 
(14), (22), and (28) gives 


2° = JH (Br) E + S5 (-1)"(cn + cn) cos nd 


n=1 
+ j(c_n — Cn) sin no | (29) 


where 
Ce (i) 5st 


(30) 


The coefficients c., can be expressed in terms of cylin- 
der functions of positive order, 


Cin = oat, 


i) *[(1 *) vg eee tact ce Jn+1(Ba) 

«9 BoLBoa\ up Jn(B2) Ba Jn(Ba) J (Ba) (31) 
& fl (1 is -.) ec fen] ee, a Ansi® (Ba) | Hn (Ba) 

€9 Bol Boa Me Jn(82@) Ba, (Ba) 


APPROXIMATION FORMULAS 
A. Thin Cylinder, Ba<1, Broa 


It is assumed that the wavelength is much larger than 
the radius of the cylinder. Then the cylinder functions 
can be expanded in power series and by keeping only the 
the first terms (22) becomes 


1 € : 
af = — ve x(0)*(~ i 1) Bj 


€0 


(24) 


n 
t= (Ba) 


= T WG) haktesh © 45) 
ta - (y+, (25) 


tn 


For the dielectric case (k=0), 


= ence 


(26) 


In the first approximation all terms except the ones 
with n=0, +1 can be neglected, 


For the dielectric case one obtains c,=c_, and the sine 
term in (29) vanishes. This results in a symmetrical pat- 
tern with respect to ¢=0. If the approximation for the 
thin cylinder is used, (25) and (30) yield 


Ho ( -_) 
“(1+—)-1 
n Meff Mu 
G n = ae Se Qn 
~ 2°"(n 2 7 (8a) Lo b Eo 
a + “) +1 


Meff vv 


(32) 


so that the cx,’s are real. It can be easily shown that 
the amplitude of £.(r, ¢) is an even function of ¢. In 
order to obtain an asymmetrical pattern the cz,’s have 
to be complex, that is, the second-order approximations 
of the cylinder functions have to be taken in (22). Hence, 
an almost symmetrical pattern of the field strength for 
a cylinder for which a1/@.=)?/27 is to be expected. 
In the X-band region the wavelength is about 3 cm in 
free space and 1 cm in ferrite. That requires <1.5 mm. 
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It is interesting to note, however, that the phase angle 
@ of the field is an odd function of the scattering angle @ 
in the thin cylinder approximation. From (29) one 
obtains 
2 (Ge. —; Cn) sin @ 
tan 9 = sa 
Co oe yt (—1)"(c_n ate Ci) cos @ 
as ( Mo y Rs, 
a ee OLIN D : 
m4 Mett/ asin o 
= = ) 
Mo \? k\? Tere : k : be — 33 
ee eG) G NG) 2 
Meft mn 2 \e Meft Me Meft 
where a, b, and ¢ are defined by this equation. The Then (33) becomes 
maximum phase difference is given by d/d¢(tan @) =0, Ee. 
which yields a deflection angle a sin 
; tan @ = ——_—_—______—__ (35) 
; One COS (34) BN EN 
é me cos¢+ 5 = — 20 


NUMERICAL EVALUATION 


Eq. (33) shows that the phase angle of the scattered 
wave does not depend on the wavelength or the cylinder 
radius in the first approximation for the thin cylinder. 
To get an idea of the order of magnitude of phaseshift, 
let us consider some typical values for the parameters 

#0/Mert and €/€o. 


180 


Fig. 2—Phase angle 6 of scattered Wave as a function of scattering 
angle ¢ for thin cylinder far field approximation. (a) k/u=1; 
(b) k/w=1.5; (c) k/w=1.8; (d) R/u=2; (€) k/v=2.5. 


Fig. 2 gives 6(¢) for various values of k/u. For small and 
large values of k/u the largest phaseshift is at a deflec- 
tion angle ¢~90°. For values 1.83<k/u<2.24, where 
tan 6 becomes infinite at certain deflection angles, the 
phase angle @ is steadily increasing in the positive direc- 
tion of @ resulting in a spiral wave (Fig. 3). This result 
can be explained by means of the precessing magnetic 
dipoles. From (33) it can be seen that for a nondielectric 
cylinder (€/e9=1) the scattered wave is spiral for all 
values of the magnetic field (e.g. for all values of 
k/u~0). For high values of €/e€9 and low values of k/u, 
however, the dielectric properities of the ferrite are pre- 
dominant, and the spiral wave is “covered up” by the 
wave scattered on a dielectric cylinder. 


Fig. 3—Spiral wave scattered from thin cylinder. The spiral 
represents a line of constant phase. 
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Fig. 4—Amplitude (E*)? of scattered electric field as a function of 
scattering angle ¢. (a) Ba=0.475, Boa=1.42, a=2.5-107%m, 
k/p=0.5, Br=20. (b) Ba=0.475, Boa=1.42, a=2.5-10%m, k/u 
=3, Br=20. (c) Ba=0.475, Boa=3.80, a=5.0-10%m, k/u=3, 
Br=20. (d) Ba=0.475, Boa=1.42, a=2.5-10-%m, k/u=0.25, Br 
=20. (e) Ba=0.475, Boa =2.85, a=2.5-10- 8m, k/p=0.25, Br =20. 
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Fig. 5—Phase angle 6 of scattered electric field as a function of scat- 
tering angle ¢. (a) Ba=0.475, boa =1.42, a=2.5-10- 3m, k/n=0.5, 
6r=20. (b) Ba=0.475, Boa =1.42, a=2.5-10-3m, k/np=3, Br=20. 
(c) Ba=0.475, Boa=3.80, a=5.0-10-3m, k/u=3, Br=20. (d) 
Ba=0:475, Boa=142, a=2.5-10-m, k/u=0.25, Br=20. (e) 
Ba =0.475, Boa =2.85, a=2.5-10-2m, k/u=0.25, Br =20. 
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Fig. 6—Circular arrangement of six ferrite cylinders (F) around an 
antenna (A). The waves scattered from the cylinders are in phase 
with the incident wave from the antenna in the desired direction 
and 180° out of phase in the opposite direction. 
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Numerical calculations of (14) have been carried out 
on a Univac computer. In order to simplify the pro- 
gramming, the derivatives of cylinder functions and 
cylinder functions of negative order have been replaced 
by cylinder functions of positive order [see (31) ]. 

The amplitude and phase of the electric field have 
been plotted in Figs. 4 and 5. For certain values of the 
parameters, a, k/u, B2 this exact solution yields also a 
spiral wave. It is interesting to note that except for high 
values of k/u either the amplitude or the phase of the 
electric field is an odd function of the scattering angle @, 

“so that the scattered field is always asymmetrical. 


DISCUSSION AND CONCLUSIONS 


The foregoing discussion shows that the scattered 
field from a ferrite cylinder is in most cases asymmetri- 
cal about the direction ot incidence. The direction of 
maximum field strength depends on the de magnetiza- 
tion of the ferrite. By a suitable arrangement of several 
cylinders, as shown in Fig. 6, the scattered field can be 
concentrated in one direction. Here the phases of the 
scattered waves are in phase with the incident wave in 
the desired direction and 180° out of phase in the oppo- 
site direction. With a cyclic application of the magnetic 
dc field the field pattern is rotated. In order to distort 
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the field as little as possible under this rotation a large 
number of scatterers should be used. 

Because of the abrupt phase change for certain values 
of the deflection angle, it seems possible to obtain a 
narrow beam of a few degrees. The large variations of 
the amplitude, however, will result in strong sidelobes. 

For the design of such an antenna the scattering pat- 
tern of the ferrite cylinder has to be measured. Then the 
time function of the magnetic dc field, which gives the 
desired antenna pattern, has to be determined. 

The advantage of such an electronic scanning antenna 
is the lack of mechanical parts and the weightless rota- 
tion which allows much higher scanning speeds than 
with a mechanical system. 


ACKNOWLEDGMENT 


The author wishes to express his sincere appreciation 
to Prof. B. Davison for suggesting the problem and to 
A. E. Misek, of the Computing Center of Case Insti- 
tute of Technology, for obtaining the numerical results 
of (14). He would, also like to thank Dr. J. R. Wait, 
National Bureau of Standards, for the information that 
this problem has also been treated by V. V. Nikol’skii 
in Radtotekhnika 1 Elektronikha, vol. 3, pp. 756-759, 
1958 (in Russian). 


Phase Adjustment Effects on Cascaded Reflex 
Klystron Amplifiers* 


KORYU ISHII}, MEMBER, IRE 


Summary—Reflex klystrons (type 2K25) were used as regenera- 
tive amplifiers for the X-band. Two 2K25 reflex klystron amplifiers 
were cascaded with a coupling circuit which contained a variable 
phase shifter. The effect of the phase adjustment was investigated 
in comparison with another coupling scheme which did not contain 
_ the phase shifter. The phase adjustment in the coupling circuit gave 
the amplifier system high gain (more than 50 db max.), and a 
reasonably low noise figure (8 db-17.5 db). High sensitivity was ob- 
tained. Proper phase adjustment of the two stage reflex klystron 
amplifier could give more than twice the gain in db of the single stage 
amplifier because of the regenerative feedback between stages. The 
linearity and dynamic range were considerably improved by the 
phase adjustment. But the frequency bandwidth became narrow 
(2 mc), and improvement in stability and directivity was not sig- 
nificant. 


* Received by the PGMTT, February 3, 1960; revised manu- 
script received, April 11, 1960. A part of this original work was done 
while the author was with the Dept. of Electrical Engineering, Uni- 
versity of Wisconsin, Madison, Wis.; supported by the University 
Research Committee. | ; 3 

+ Marquette University, Milwaukee, Wis. 


INTRODUCTION 


T has been shown that ordinary reflex klystrons are 
usable as microwave regenerative amplifiers. In 
order to obtain high gain, it is natural to think 
about cascading the reflex klystron amplifiers. This is, 
however, a rather complicated problem, because a part 
of the amplified power reflects back and forth between 
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stages. Phase adjustments of the power fed back be- 
tween stages have strong influence upon the amplifier 
performance. In this paper, the phase adjustment effects 
are described for various kinds of coupling networks of 
the cascaded 2K25 reflex klystron amplifiers operated 
in the 9000 mc band. 

The reflex klystron amplifier is essentially a one port 
amplifier. Some types of parametric amplifiers and 
maser amplifiers are also one port amplifiers. Therefore, 
the data obtained by investigation of cascading method 
of the reflex klystron amplifier may suggest an interest- 
ing reference to cascading maser or parametric am- 
plifiers. 


PHASE ADJUSTMENT EFFECTS ON 
AMPLIFIER PERFORMANCE 


A schematic diagram of the cascaded 2K25 reflex 
klystron amplifier is shown in Fig. 1. Two reflex klystron 
amplifiers are coupled by a coupling network which has 
a variable phase shifter. 
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2K25 amplifier 


Ist stage 
2K25 amplifier 
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Coupling circuit 
including 
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phase shifter 
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Output 

' 


H 
{22cm 1 H 


t ! 
k- amplifier section —> fam pli fier section- 


Fig. 1—Cascaded 2K25 reflex klystron amplifier. 


In order to have positive feedback, the power fed back 
must be approximately in phase with the input power 
or with the electron beam power delivered to the circuit. 
The phase of the positive feedback can be controlled by 
the phase shifter. 

When the electron beam power is too large, the tube 
will start oscillating instead of amplifying. The electron 
beam power can be reduced by the phase shifter, since 
it controls the phase of the feedback, and hence oscilla- 
tion can be stopped. 

When the tubes are in the amplifying condition, the 
phase shifter can be used to control the phase of the 
feedback to obtain optimum gain. Therefore, gain of the 
amplifier is adjustable by means of the variable phase 
shifter. 

Phase adjustment of the feedback circuit of the cas- 
caded reflex klystron amplifier also affects noise, sta- 
bility, linearity, and bandwidth as in the case of an 
ordinary feedback amplifier. If the phase is adjusted so 
that the amplifier is approaching a near-oscillation con- 
dition, generally, the amplifier has high gain, but is 
noisy, unstable, and has a narrow bandwidth. 

Saturation of the cascaded reflex klystron amplifier is 
mainly caused by both nonlinearity of the electronic 
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impedances of the amplifier tubes, and extenal circuit 
impedance. But these electronic and circuit impedances 
can be controlled by the phase adjustment of the feed- 
back circuit. Then, the linearity, or dynamic range of 
the cascaded reflex klystron amplifier is adjustable using 
a variable phase shifter in the coupling circuit. 

Thus, phase adjustment in the coupling network 
affects the gain, bandwidth, noise figure, stability, sensi- 
tivity, and linearity of the cascaded reflex klystron 
amplifier. 


PHASE ADJUSTMENT EFFECTS ON GAIN 


When operated at high gain, the gain of a regenera- 
tive amplifier of this type is extremely sensitive to very 
small changes in the impedance presented to its input 
and output terminals. To obtain reasonable stability 
and accurate measurement of gain, it was necessary to 
isolate the input and output of the amplifier system 
with ferrite isolators. The amplifier system was preceded 
by a series assembly of a ferrite isolator and several at- 
tenuator pads. System stability was achieved by this 
along with another isolator, and an attenuator pad as- 
sembly which was placed before a superheterodyne re- 
ceiver, which measures gain. This isolator had two ef- 
fects. The first was the isolation of the amplifier system 
from load impedance variation, and the second was the 
prevention of local oscillator disturbance to the amplifier 
system. The output of the amplifier system was indi- 
cated by the output meter of the superheterodyne 
receiver. 

To determine its gain, the amplifier system was re- 
placed by a waveguide section through the use of wave- 
guide switches. The attenuator of the test oscillator was 
then adjusted to obtain the same output meter reading 
that was achieved with the amplifier system. The dif- 
ference between the attenuator readings in the two 
cases was considered to be the system gain. 

Phase characteristics of gains of various kinds of cas- 
caded 2K25 reflex klystron amplifiers are shown in Fig. 
2. Curve I shows a phase characteristic of a phase shifter 
coupled amplifier tested at 9362 mc. Two reflex klystron 
amplifiers are coupled by a variable phase shifter. As 
was considered in the previous section, gain was sharply 
dependent on phase, and regions of oscillation and am- 
plification appear alternately with an increase in phase 
shift. The oscillation regions are indicated by the shaded 
areas in Fig. 2. In the case of curve I, the oscillation was 
critical and it was a near-oscillation condition in the 
shaded regions. The phase margin, which is the phase 
shift necessary to keep the gain within 3 db of the opti- 
mum gain, was 4° for this amplifier. 

Curve II in Fig. 2 shows a phase characteristic of an 
isolator-phase shifter coupled amplifier tested at 9365 
mc. Two 2K25 reflex klystron amplifiers were coupled 
with an isolator and a phase shifter. In this case, a prac- 
tical isolator is being considered, that is, the isolation is 
not perfect. If the isolation were perfect, the phase 
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Fig. 2—Phase characteristics of the cascaded 
reflex klystron amplifiers. 


shifter would have no effect on over-all behavior of the 
amplifier, because no feedback would exist. On the other 
hand, a practical isolator allows significant feedback to 
occur because of imperfect isolation. The isolator used 
in this experiment had 0.5 db forward loss and 30 db 
backward attenuation at the operating frequency. As a 
matter of fact, curve II shows that the gain of the 
amplifier depends upon the phase shifter settings. The 
phase shifter controls the phase of the power fed back 
between stages even though there is an isolator. The 
phase margin was 3°, and was very small, but, because 
of the isolator, the amplification region extends over a 
considerable range of the phase shifter setting. 

Curve III in Fig. 2 shows a phase characteristic of an 
isolator-isolator-phase shifter coupled amplifier tested 
at 9359 mc. This amplifier was formed by coupling two 
reflex klystron amplifiers with two isolators followed by 
a variable phase shifter. In this case, the isolation was 
increased but phase adjustment still had strong in- 

fluence upon gain. According to curve III, the phase 

margin was 20°, and the region over which amplifica- 
‘tion took place was larger than either of the two am- 
plifiers mentioned before. Phase-sensitivity was de- 
creased by increasing the isolation, and the isolation 
made the realization of higher gain through phase ad- 
_ justment easier. 


EFFECTS OF PHASE SHIFTER ON 
FREQUENCY CHARACTERISTICS 


The use of a phase shifter in a coupling network of a 
cascaded reflex klystron amplifier usually makes the 
system frequency sensitive, because the phase shifter 
itself is one of the most frequency sensitive parts of the 
system. The frequency sensitivity is caused by the in- 
evitable physical length of the phase shifter. In other 
words, the phase shifter makes the system narrow band. 
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For example, when two reflex klystron amplifiers were 
coupled directly without using the phase shifter, the 
bandwidth was 6 me for 30-db gain. On the other hand, 
bandwidth of the phase shifter coupled amplifier was 
2 me for 43-db gain. 

An example of the frequency characteristic of a phase 
shifter-isolator coupled amplifier is shown in Fig. 3. For 
comparison, the frequency characteristics of the indi- 
vidual stages are also plotted. The total gain was not 
equal to the sum of the gains in db of the individual 
stages because of the feedback. The effect of the nega- 
tive feedback can be observed at the edges of the selec- 
tivity curve where the total gain is less than that of the 
individual stages. The over-all bandwidth was 2 mc. A 
somewhat higher gain than that shown in Fig. 3 can be 
obtained, if the circuit constants are very carefully 
adjusted. 


NET GAIN IN DB 


10 
9354 9358 
INPUT FREQUENCY IN MC 


9362 9366 9370 


Fig. 3—Frequency characteristics of phase shifter- 
isolator coupled amplifier. 


PHASE ADJUSTMENT EFFECTS ON NOISE FIGURES 


Phase adjustment of the feedback circuit of a re- 
generative amplifier can control the noise of the system. 
In the case of the cascaded reflex klystron amplifier, 
similar effects were observed. Noise figures of various 
kinds of cascaded reflex klystron amplifiers are listed in 
Table I. The experiment showed that any reflex klystron 
amplifier system which employed the phase shifter in 
the coupling network generally had a considerably lower 
noise figure than the other kinds of amplifiers which did 
not have the phase shifter in the coupling network. As 
was considered in the early part of this paper, this result 
can be explained as follows. Improper phase of feedback 
may make the amplifier system noisy due to proximity 
to the near-oscillation condition: This improper phase 
is corrected by the variable phase shifter. 


A Bigzel 


Noise FIGURES OF CASCADED REFLEX 
KLYSTRON AMPLIFIERS 


Types of Amplifiers Nee ten 
Direct coupled 28 
Isolator coupled 26 
Phase shifter coupled 16 
Isolator-phase shifter coupled 8 
Phase shifter-isolator coupled hes 
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PHASE ADJUSTMENT EFFECTS ON STABILITY 


The stability, that is the gain fluctuations with time, 
of various kinds of cascaded reflex klystron amplifiers 
were examined using an automatic output recorder for 
several hours for each kind of amplifier system. In order 
to keep the ambient temperature constant, the klystron 
tubes were mounted within 7X8.5X11.5 cm brass 
boxes of 2 mm wall thickness. Because of the heat capac- 
ity of this scheme, after a one hour warming up period, 
the environmental temperature of the tube itself re- 
mained quite constant. For example, placing a hand on 
the box or blowing on the box did not affect the gain. 
In order to avoid instability caused by the power sup- 
ply, an electronically regulated power supply was used 
for the anodes of the reflex klystrons, and a battery was 
used to give stable repeller voltage for each individual 
tube. The experimental results are listed in Table II. 
According to this table, when the phase shifter alone 


TABU Bett 


STABILITY OF CASCADED REFLEX 
KLYSTRON AMPLIFIERS 


NGmbee ce Seek average 
Types of Amplifiers : gain fluctuation 
y isolators db/10 minutes 

Direct coupled 0 0.08 
Phase shifter coupled 0 0.1 
Isolator coupled 1 0.066 
Isolator-phase shifter coupled 1 0.023 
Phase shifter-isolator coupled 1 0.05 
Isolator-isolator coupled 2 0.025 
Isolator-isolator-phase shifter 2 0.00 
Phase shifter-isolator-isolator 2 0.02 
Isolator-phase shifter-isolator 2 0.044 


was used in the coupling network, the stability improve- 
ment was not significant. On the other hand, when the 
phase shifter was used together with one or more iso- 
lators, the stability was somewhat improved in com- 
parison with a case in which an isolator alone was used. 


PHASE ADJUSTMENT EFFECTS ON LINEARITY 


Linearity of the cascaded 2K25 reflex klystron ampli- 
filer was improved with the employment of the phase 
adjustment in the coupling circuit. 

Input power versus output power characteristics of 
two kinds of cascaded reflex klystron amplifiers, namely, 
the direct coupled amplifier and the phase shifter 
coupled amplifier, are shown in Fig. 4. In the case of the 
direct coupled amplifier, since the two reflex klystron 
amplifiers were connected directly, no phase adjustment 
was made between the two amplifier sections. The am- 
plifier sections are shown in Fig. 1. In the case of the 
phase shifter coupled amplifier, the two amplifier sec- 
tions were coupled with a variable phase shifter, and 
this was adjusted to give an optimum gain to the am- 
plifier system. The phase shifter coupled amplifier ap- 
parently has wider dynamic range and lower noise out- 
put level than the direct coupled amplifier. 
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Fig. 4—Linearity of cascaded reflex klystron amplifiers. 


PHASE ADJUSTMENT EFFECTS ON SENSITIVITY 


It has been experimentally shown that employment 
of the phase adjustment in the coupling circuit of the 
cascaded 2K25 reflex klystron amplifier decreases noise 
and increases gain. Then, the sensitivity must be in- 
creased. In this case, the sensitivity was defined as the 
minimum detectable input power level in dbm of this 
amplifier-receiver system. Experimental results showed 
that the sensitivity improvement of the phase shifter 
coupled amplifier over the sensitivity of the direct 
coupled amplifier was 15 db. This can be seen from 
Fig. 4 if the minimum detectable input signal levels of 
these two curves are compared. 

In a similar way, the phase shifter coupled amplifier 
showed a sensitivity 15 db higher than that of the iso- 
lator coupled amplifier, and 7 db higher than that of the 
isolator-isolator coupled amplifier. When the phase 
shifter was used together with one isolator in the cou- 
pling circuit, the sensitivity improvement over that of 
the isolator coupled amplifier was 22 db. When the phase 
shifter was used together with two isolators the sensi- 
tivity improvement over the sensitivity of the isolator- 
isolator coupled amplifier ranged from 14 to 20 db de- 
pending upon the position of the phase shifter in the 
coupling circuit. These results were obtained experiment- 
ally. It would beinteresting to know if they can be justified 
theoretically. This problem may, however, not be easy 
because the two amplifiers are regenerative and another 
feedback loop is formed between stages. The phase ad- 
justment effect on gain and noise figure must be calcu- 
lated before obtaining the sensitivity theoretically. 


PHASE ADJUSTMENT EFFECTS ON DIRECTIVITY 


Because of the very nature of the circuit construction. 
of this kind of amplifier, the amplified power is radiated 
generally in both directions—one part into the load of 


the amplifier system, and the other part back in the 
direction of the signal source. 
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One might expect that the directivity, which is the 
ratio of the forward power to the backward power from 
the amplifier system, would be strongly influenced by 
the phase adjustment of the coupling circuit. But the 
experimental results showed that the phase adjustment 
effect was not significant. For example, the directivity 
of the direct coupled amplifier was 10 db, and on the 
other hand, the directivity of the phase shifter coupled 
amplifier was 11 db. The phase shifter setting for opti- 
mizing gain was different from the phase shifter setting 


_for optimizing the directivity. 


CONCLUSIONS 


Adjusting the phase of the feedback between the am- 
plifier stages of the cascaded 2K25 reflex klystron ampli- 


fier is necessary if more than twice the gain in db of a 
single stage amplifier is to be obtained. The phase ad- 
justment gives high gain and reasonably low noise figure, 
and, consequently, high sensitivity is obtained. The use 
of the phase shifter made the system somewhat narrow 
band but stable. The linearity and dynamic range of the 
cascaded amplifier were improved considerably using 
the phase adjustment, but the effect of the phase ad- 
justment on the directivity was not significant. 
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TE Modes of the Dielectric Loaded Trough Line* 


MARVIN COHN{, MEMBER, IRE 


Summary—tThe properties of TE modes on a dielectric loaded 
trough waveguide have been investigated. In the case of the dom- 
inant mode of this line (TE:,), families of design curves giving the 
field distribution, guide wavelength, power handling capability, wall 
losses, and dielectric losses as a function of operating wavelength, 
waveguide dimensions and dielectric constant are presented. For a 
loosely bound wave, the losses are comparable to those of con- 
ventional rectangular waveguide and the power handling capability 
is an order of magnitude greater. The apparatus and procedure used 
to measure guide wavelength, rate of field decay in the transverse 
direction, and attenuation are described. The measured performance 
is in close agreement with the theoretically predicted characteristics. 


INTRODUCTION 


HE transmission line to be investigated consists 
les a rectangular trough structure with a dielectric 

slab lying on the bottom. A cross section of this 
line and the coordinate system used in the analysis are 
shown in Fig. 1. The TE surface wave modes which can 
propagate in the dielectric loaded trough line have been 
previously determined in an analysis of the dielectric 
loaded parallel plane waveguide.’ A transverse reso- 
nance approach has been used by Hatkin’ to determine 


-some of the characteristics of these TE modes on an 


infinite dielectric sheet. The dielectric loaded parallel 
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Fig. 1—Cross section of the dielectric loaded trough line. The positive 
z direction is out of the paper. 


plane waveguide consists of two dielectric loaded trough 
waveguides lying back to back along the x=0 plane 
with the common conducting plate removed. The above 
mentioned analysis has shown that the dielectric loaded 
parallel plane waveguide can support a class of TE 
modes, whose field structure is similar to the TE modes 
of rectangular waveguide. These TE modes display 
either even or odd symmetry about the geometrical 
plane of symmetry («=0). The even symmetry modes 
correspond to m being an odd integer and vice versa. 
It was further shown that if a conducting wall is placed 
at the x=0 plane, all of the even TE modes will be sup- 
pressed, but the odd modes will be unaffected. The dom- 
inant mode of the resulting trough line (half of the orig- 
inal line) will be the TE 29 mode. 

The purpose of this extension to the previous work is 
to present a series of design curves applicable to the 
trough line. It is recommended that the reader refer to 
the earlier work for a derivation of the properties of the 
odd symmetry TE modes. 

A dielectric loaded trough line has been built and 
measurements have been made of the guide wavelength, 
rate of field decay in the transverse direction and at- 
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tenuation in order to verify the theoretically predicted 
performance. 


FIELD DISTRIBUTION 


It has been previously shown,! that the fields of the 
trough line TE modes are sine or cosine functions of x 
in the dielectric region and decay exponentially in the 
air space according to eo. In the case of the domi- 
nant mode, the angle of sinusoidal or cosinusoidal varia- 
tion is restricted to the second quadrant (7/2 <kia <7). 
Fig. 2 is a family of curves of (Ria) as a function of 
(2a/\.) and the difference between the inner and outer 
dielectric constants (AK), where AK = K,— Ko= 41/€.— 
€/€. A similar family of curves for the outer transverse 
distribution parameter (oa) is presented in Fig. 3. The 
field configuration of this mode is identical to that pre- 
viously published! for the TEz) mode of the parallel 
plane line. 


PoWER HANDLING CAPABILITY 


If the field intensities are the same, the axial power 
flow of a TE mode on the trough line is equal to half of 
the axial power flow of the corresponding TE mode of 
the parallel plane line. 


DIN 
ae mK, atcs = (Ria)? 
A,|\?rba /= (“) No 
Pye = 
2 €0 No 2(Rki0a)? 


tan Ryoa 
(1 2 a), 


Ria 

For the TE29 mode, the maximum electric field is located 
in the dielectric at the transverse position where 
Ryx=1/2. As a safety factor, the breakdown power 
level Pya will be calculated assuming that the maximum 
electric field £,a which can exist is the breakdown field of 
air (despite the fact that this maximum field occurs in a 
dielectric loaded region). ya is taken as 15,000 volts per 
centimeter (a safety factor of approximately two) to 
conform to standard waveguide calculations. From the 
equation for E,, it is apparent that 

| 4.| ==" 


WMo 


(1) 


| Esa| . (2) 


If (2) is substituted into (1), the following equation for 
the breakdown power level of the TE:) mode in the 
trough line is obtained: 


Pra ~ =~ tan al 
ab (2a/o) Ryoa 


4/ eK (=) — (Rya)?. (3) 


For the case where Ky=1, this function has been cal- 
culated for several values of (2a/.) and K,. The result- 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


July 


© gon 

= 

.-¢ 

c 

3 Teo Cle Ohi 

= 

2 son 

° 

no 

=z 

Ww 

= 

S 7o1 

o 

co] 

2 

60 o/]o 
a “) lke} 
4 x/ x 
v//s/ 5 
500) : ; ‘ 3 i 50.0 


2¢ — (DIMENSIONLESS RATIO) 
° 


Fig. 2—Curves of the inner transverse distribution parameter (Ria) 
of the TEs) mode as a function of normalized slab width (2a/.), 
and the difference of the dielectric constants (AK). 
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Fig. 3—Curves of the outer transverse distribution parameter (20a) 
of the TEs) mode as a function of the normalized slab width 
(2a/X.) and the difference of the dielectric constants (AK). 


ing family of curves is shown in Fig. 4. These curves 
show that when (2a/X,) is only slightly greater than the 
critical magnitude required to sustain the TE2) mode, 
Psa becomes very large. This condition corresponds to a 
very loosely bound wave in which most of the energy is 
propagated in region 2 and the field extent in the x di- 
rection is very large. The TE29 mode of the trough line is 
thus similar to the TE;) mode of the dielectric loaded 
parallel plane line in that power levels an order of mag- 
nitude greater than those of conventional rectangular 
waveguide can be propagated if a sufficiently large 
structure (in the x direction) can be tolerated. The ad- 
vantage is that single mode operation can be assured 
even with the larger guiding structure. 


TRANSMISSION LOSSES 


The attenuation due to losses in the dielectric (age) 
and in the parallel side walls (aw.) of the trough guide is 
identical to that previously derived! for the parallel 
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Fig. 4—Curves of the power handling capability (Psa/ab) as a func- 
tion of the normalized slab width (2a/),) and dielectric constant 
(K,). These curves are for the TEs) mode and the case where the 
outer region is air or vacuum. 


plane waveguide and hence will not be repeated. For the 
TE2o mode and for K2=1, a family of curves of the at- 
tenuation due to losses in the parallel side walls (ay) 
is presented in Fig. 5 for a range of (2a/\,) and many 
values of K;. The conductivity of copper (o,=5.80 107 
mhos per meter) was used in this computation. The 
curves of Fig. 5 may be used for other wall materials if 
the values of attenuation obtained from them are mul- 
tiplied by the square root of the relative resistance of 
the substituted material. Fig. 6 is a plot of the attenua- 
tion due to the dielectric loss (aaA,) as a function of 
(2a/X.) and many values of KA, for the TEs mode. 
These calculated results were plotted for a value of di- 
electric loss tangent ¢a=0.001. These curves may be 
used for other values of $4 if the values of ag obtained 
are divided by 0.001 and multiplied by the loss tangent 
of the dielectric used. 

In the case of the trough line, there is an additional 
component of attenuation due to the losses in the bot- 
tom plate (a) of the trough. The bottom plate wall loss 


_ per unit length in the z direction (P») is given by 


1: fui.” 
P= —4/ i | Hiro (e = 0) |? dy 
2 ape o 


a eae (4) 
D, Dog 


The attenuation per unit length due to the bottom plate 
loss is 


6 


oy an 2 


647) 


If (1) and (4) are substituted into (5), the following 
equation for the attenuation due to the bottom plate 
loss is obtained: 
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Fig. 5—Attenuation (in nepers per meter) due to the loss in the side 
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Assuming that material of comparable conductivity is 
used for the bottom plate as is used for the parallel side 
walls, the bottom plate component of attenuation is 
negligible compared to the side wall contribution. 


- (6) 


MEASUREMENTS 


The properties of the TE2) mode of the trough line 
have been measured in the line shown in Fig. 7. The 
view shown in Fig. 7 illustrates the method of construct- 
ing the line as well as the launching and collecting horns 
as one integral unit. The two parallel side walls of the 
trough are bolted firmly in place to make good electric 
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Fig. 7—Perspective view of the trough line. 


contact. The spacing between these walls is maintained 
by the T shaped bars forming the bottom and sloping 
ends of the trough. Access to the inside of the line, to 
cement various dielectric strips in place, is easily 
achieved by removing one of the side walls. Fig. 8 shows 
a view of the inside of the trough line with one of the 
side walls removed. Also shown is one of the waveguide 
sections containing a length of dielectric tapered in the 
H plane. These sections provide a matched transition 
from the RG-91/U waveguide to the trough guide. The 
probe used for sampling the fields is also shown in this 
view. The probe is held in place by a carriage assembly 
which in turn slides along the top edges of the side walls 
of the trough. The vertical position of the probe can be 
changed by the rack and pinion arrangement shown. 
In order to insure accurate motion of the probe, the top 
edges of the side walls were carefully machined to be 
parallel to each other and to the inside of the bottom of 
the trough. Scales with one mm graduations and verniers 
were mounted on the probe and trough line so that the 
horizontal and vertical positions of the probe could be 
read to an accuracy of 0.1 mm. 

The probe itself consists of Teflon filled RG-53/U 
waveguide (ID =0.420 inch X0.170 inch) tapering to an 
inside dimension of 0.420 inch X0.006 inch at the tip. 
For many of the measurements it was desirable to have 
an even smaller aperture at the tip of the probe. In these 
cases silver paint was used to coat most of the opening, 
leaving an aperture of 0.125 inch X0.006 inch. A row 
of tapered resistance cards was mounted in front of the 
probe so that it appears to the impinging wave to be a 
matched load. 

Two noncontacting short circuits were constructed. 
These also were held in carriages which slide on the top 
of the trough and whose horizontal position could be 
read to an accuracy of 0.1 mm. The shorts could be 
raised or lowered so that their lower ends were just 
above the top of the dielectric strip. When the dielectric 
strip is sufficiently thin relative to \,, the rectangular 
waveguide formed by the length of dielectric under the 
short is beyond cutoff and, hence, very little energy 
leaks under the short. 


MICROWAVE THEORY AND TECHNIQUES 


July 


TEFLON FILLED 
RG-53/U WAVEGUIDE 

(1.D. 0.420"X 0.170") 
SLIDING CARRIAGE 
AND LIFT MECHANISM 
FOR WAVE GUIDE PROBE 


VERNIER 


TAPERED RESISTOR 
CARDS 


RG-91/U WAVEGUIDE 1 
(1.D. 0.622" X 0.311") 
TRANSITION SECTION 
CONTAINING 
TAPERED 

DIELECTRIC 


—_— 


DIELECTRIC 
RI 


ee 


Fig. 8—Interior view of the trough line, with one side wall removed. 


‘A transition section, the probe assembly and its sliding carriage 
are shown. 


In order to check the propagation characteristics of 
the TEs) mode of the trough line, it is necessary to de- 
termine the electrical properties of the dielectric strip 
independently of the trough line. The dielectric constant 
was measured in a rectangular waveguide using a stand- 
ard short-circuited line method. The dielectric constant 
(K,) was determined to be 2.60. The dielectric loss tan- 
gent (da) was determined from measurements on a 
short-circuited polystyrene filled slotted line. Account 
was taken of the wall losses in the dielectric filled line 
and the dielectric loss and, hence, the dielectric loss 
tangent were determined from the measured decrease 
of VSWR with increasing distance from the short-cir- 
cuited end. The average value of many measurements 
of loss tangent was 0.00052. 

Two polystyrene strips whose thicknesses (@) were 
0.399 cm and 0.638 cm were investigated. Their critical 
frequencies, which must be exceeded for the -TE29 
mode to propagate, were, respectively, 14.86 kme and 
9.30 kme. 

Regions of the trough line were found where the TE2o 
surface wave mode was undisturbed by radiation fields 
from the launching horn. A phase-sensitive bridge was 
set up and phase fronts were plotted in these regions and 
were observed to be parallel vertical planes which were 
properly spaced. 

The waveguide wavelength (A,) was measured as a 
function of frequency in three different ways: 1) the 
probe and phase bridge were used to determine the 
spacing between successive phase fronts of equal phase; 
2) a short circuit was used to set up a large reflection 
and the distance between nulls of the standing wave 
pattern was measured using the probe; and 3) two short 
circuits were used to set up a transmission cavity whose 
length could be varied. The cavity technique is described 
more thoroughly below in the discussion of attenuation 
measurements. The cavity technique gave the best re- 
sults, since at resonance the surface wave fields are en- 
hanced relative to the radiation fields. Fig. 9 shows that 
the measured values of \, are in excellent agreement 
with the theoretically predicted values. 

The rate of field decay in a transverse direction away 
from the dielectric-air interface was measured by a 
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Fig. 9—Comparison of the measured and_ theoretical waveguide 
wavelength of the trough line TEx.) mode as a function of fre- 
quency. 


standard RF substitution method using the probe and 
a precision microwave attenuator. The experimental 
points and theoretical curves are shown in Fig. 10. Al- 
though individual points deviate from the theoretical 
curves, they follow the general direction of these curves 
very well. This measurement was most difficult to make 
in the extreme cases where the dielectric strip was either 
very thin (very loosely bound wave) or very thick (very 
tightly bound wave) compared to a wavelength. In the 
loosely bound case, the fields extend a large distance 
from the dielectric-air interface and as a result the field 
intensity at any point is low. In the tightly bound case, 
almost all of the energy propagates within the dielectric 
strip, but again the field intensity is very low in the air 
space. In each of these extreme cases, therefore, the 
stray radiation fields were comparable to the surface 
wave fields. 

Measurements were made of the attenuation of this 
line using a variable length transmission cavity tech- 
nique. This method, which has been previously dis- 
cussed in the literature,*~ is well-suited to attenuation 
measurements on a surface wave line. In the case of the 
trough line, the cavity was formed by two noncontacting 


shorts of the type described above. The short on the 
' generator side was maintained in a fixed position, and 


the short on the detector side was adjusted to a reso- 
nant position as manifested by maximum output at the 
detector. The source klystron was swept in frequency 
causing the output waveform observed at the detector 
to be a replica of the cavity band-pass characteristic. 


The loaded Q of the cavity was determined from the 


three-db bandwidth of the cavity pass band character- 


3 E. H. Scheibe, B. G. King, and D. L. Van Zeeland, “Loss. meas- 
urements of surface wave transmission lines,” J. Appl. Phys., vol. 25, 
pp. 790-797; June, 1954. 

4S. P. Schlesinger and D. D. King, “Some Fundamental Proper- 
ties of Dielectric Image Line,” The Johns Hopkins University Radia- 
tion Laboratory, Baltimore, Md., Final Rept. AFCRC-TN-56-766, 


6D. D. King and S. P. Schlesinger, “Losses in dielectric image 
lines,” IRE TRANS. ON MicROWAVE THEORY AND TECHNIQUES. vol. 
MTT-S, pp. 31-35; January, 1957. 
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Fig. 10—Comparison of the measured and theoretical rate of field 
decay in the transverse direction for the trough line TE29 mode as 
a function of frequency. 


istic. The short on the detector side was moved to an- 
other position where the output was maximized and 
again the loaded Q of the cavity was measured. The new 
short position is an integer number of half-waveguide 
wavelengths from its former position. This procedure was 
repeated for many short-circuit positions. From the 
manner in which the cavity Q varied with increasing 
cavity length, the attenuation per unit length of the 
trough guide could be determined. 

The measured points and the theoretical curves of 
total attenuation as a function of frequency are shown 
in Fig. 11. The measured attenuation varies in the pre- 
scribed manner as a function of frequency; its magni- 
tude, however, is somewhat higher than predicted. The 
discrepancy could be due to any or all of the following 
reasons: 


1) The actual wall loss may be larger than theoreti- 
cally predicted (as is invariably the case for rec- 
tangular waveguides), due to the roughness of the 
metal walls being comparable in magnitude to the 
depth of penetration of the RF currents. 

The vinylite cement used to hold the dielectric 
strip in place has a considerably higher dielectric 
loss tangent than polystyrene. 

Any irregularities along the line may cause radia- 
tion which would contribute to the total measured 
attenuation. 


2) 


3) 


CONCLUSION 


A number of families of curves have been presented 
which give the characteristics of the TEz) mode on a di- 
electric loaded trough line. If loosely bound, this mode, 
like the TEio mode on the dielectric loaded parallel 
plane waveguide, has losses comparable to those of con- 
ventional rectangular waveguide and power handling 
capabilities an order of magnitude greater. The trough 
line has the advantages of being closed on three sides 
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IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


July 


and being smaller than the corresponding parallel plate 
line with comparable attenuation and power handling 
characteristics. The guide geometry and magnetic field 
configuration are appropriate for the fabrication of fer- 
rite devices employing transverse magnetization. 

The measurements of guide wavelength, rate of field 
decay and attenuation verify the theoretically predicted 
properties of this structure. 


ACKNOWLEDGMENT 


The author would like to thank Dr. E. S. Cassedy 
for his helpful discussions and criticisms, I. E. Pakulis 
for his careful carrying out of the measurements, Miss 
M. D. Velten for the numerical calculations and curve 
plotting, and J. W. Rodgers and W. Weber for con- 
struction of the trough line and associated apparatus. 


Coupling of Modes in Uniform, Composite 
Waveguides* 


L. C. BAHIANAf anp L. D. SMULLIN{ 


Summary—tThe principle of coupling of modes is used to com- 
pute the phase constant in a uniform waveguide filled with two 
different dielectric materials. The natural modes of two hypothetical 
waveguides filled with the different dielectrics are computed. The 
propagation of the combined system is computed by considering the 
coupling between the two sets of modes. Comparison is made be- 
tween the approximate theory and an exact theory. 


I. INTRODUCTION 


HE expression “uniform, composite waveguide” 
is used in this paper to describe any hollow metal- 
~~ lic cylinder of arbitrary cross section filled with 
two or more homogeneous isotropic materials. Both the 
structure and the materials are uniform in the direction 
of propagation. Familiar examples of uniform, compos- 
ite waveguides are waveguides partly filled with dielec- 
tric or magnetic material. The solution of the boundary 
value problem in such waveguides invariably leads to 
transcendental equations. Numerical solutions for a 
few particular cases have been published.! 


* Received by the PGMTT, January 20, 1960; revised manuscript 
received, April 14, 1960. This work was supported in part by the 
U.S. Army (Signal Corps), the U. S. Air Force (Office of Scientific 
Research, Air Research and Development Command), and the U. S. 
Navy (Office of Naval Research). 

_ t Diretoria de Electrénica da Marinha, Ministerio da Marinha, 
re de Janeiro, Brazil. Formerly with Mass. Inst. Tech., Cambridge, 
ass. 
tt Dept of Electrical Engrg. and Res. Lab. of Electronics, Mass. 
Inst. Tech., Cambridge, Mass. 

1'T. Moreno, “Microwave Transmission Design Data,” Dover 

Publications, Inc., New York, N. Y.; 1958. 


A different formulation of the problem is presented 


here and applied to the case of lossless waveguides con- 
taining two media. The fields are expressed in terms of 
the natural modes of two hypothetical waveguides, 
found by imposing short-circuit (7X E=0) or open- 
circuit (7 H =0) constraints at the boundary between 
the two media. Maxwell's equations are then trans- 


formed, by the use of conventional techniques, into an 


infinite set of coupled transmission-line equations. Al- 


though this formulation is completely general, its prac- 
tical usefulness stems from the possibility of obtaining 
approximate solutions without cumbersome numerical 


computation. 


Il. FORMULATION OF THE PROBLEM 
A. Equivalent Current Sheets 


Fig. 1 shows the cross section of a composite wave- 
guide. Surface S; is the metallic envelope. Surface SS» is 
the boundary between the two media. The solution of 
Maxwell’s equations in medium 1 is unique if either 
i XE or *X ZH is specified over the boundary. The same 
is true of medium 2. Let 7X E2(S2), where Ey is the un-- 


known field in region 2, be specified over S;. Then we 
can solve Maxwell’s equations in medium 1. In order to 
do this, surface S: is replaced by a metallic wall S (short 


circuit, with 7X E=0) and a magnetic current sheet 
Km= X E2(S2). Mathematically, this is equivalent to 
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transforming a homogeneous differential equation with 
inhomogeneous boundary conditions into an inhomo- 
geneous differential equation with homogeneous bound- 
ary conditions. The solution of Maxwell's equations in 
medium 1 gives us the tangential magnetic field, 
mX Hy(S2), at the boundary S». Next, we solve Max- 
well’s equations in medium 2, with #X H,(S2) specified 
over S2. This time, we replace the surface S. by a mag- 
netic wall S (open-circuit, with #7 H =0) and an electric 
current sheet K.=#XH,(S:). By this procedure, we 
_have split the original boundary value problem into 
one of two conventional waveguides, driven by electric 
or magnetic surface currents (Fig. 2). The two hypo- 
thetical waveguides will be called subwaveguides 1 


Fig. 1—Composite waveguide of arbitrary cross section. 
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Fig. 2—Equivalent driving currents and boundary constraints. 


B. Short-Circuit and Open-Circuit Expansions 


The fields in the subwaveguides can be expanded in 
terms of E-modes and H-modes that satisfy either short- 
circuit or open-circuit conditions at the common 
‘boundary. If the fictitious wall S is short-circuited, the 
modes will be short-circuit modes; if S is open-circuited, 
the modes will be open-circuit modes. In either case, 
the modes are solutions of the scalar Helmholtz equa- 
tion. These modes form a complete set. 

The E-modes are given by the following: 


é° = — Vid, 

hie = k x bi; and 
pe” 

Co epee (1) 
= oy) 


where I is the propagation constant, k is the unit vector 
in the z-direction, ¢ satisfies the equation V," +p.°6=0, 
and the boundary conditions are: 
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@ = 0 over S and S, 
@ = 0 over S; 
i Vid = 0 overs 


for short-circuit modes, 


\ for open-circuit modes. 


The H-modes are given by the following: 


hy a Vi, 

é,* = h. X k, and 
pr” 

h, = —y, 2 
~¥ () 


where I’ is the propagation constant, W satisfies the 
equation V;~+p,2/=0, and the boundary conditions 
are: 


n-Va = O over S and S; 


Via) aa 
n-Vw = 0 over S; 


for short-circuit modes, 


for open-circuit modes. 


In terms of these modes, the transverse fields in either 
subwaveguide can be expressed? as 


& 
T 


Y Vile, 9) 


H, = D1 Ii(e)his(z, 9). (3) 
j=l 
This expansion includes both E and H modes, but the 
choice of the imaginary wall determines whether they 
are short-circuit or open-circuit modes. 
If we use the orthogonality condition, 


f (G1: X hij-k)da = 4;;, (4) 
then the amplitudes V; and J; for the jth mode are 
Vi(2) = f (Ey- hus X Bde 
Le) = f ek x adda, (5) 


and the integration is extended over the cross section 
of the subwaveguide. 


C. Solution of Maxwell's Equations in the Subwaveguides 
Maxwell’s equations for harmonic time-dependence 
in a loss-free region containing electric and magnetic 
currents are 
VX E = — jouH — Jn and 
VX = joe + Ji. 


After separating the fields into longitudinal and trans- 
verse components, the use of (3) yields, for the longi- 
tudinal components, 


2H. A. Haus, “Microwave Circuits,” Course 6.621 Class Notes, 
Mass. Inst. of Tech., Cambridge, Mass. ; 1959. (Unpublished.) 


456 
 eece ez 
ie = > I,| Viv hi; x k| — and 
Jue faa Jwe 
2 Ui 
ee a VA Xu) = (6) 
Jou j=) jou 


By using (3)—(6), the transverse part of Maxwell’s 
equations for the jth mode can be transformed into the 
following: 


dV; 
— = ” = jes; oe — a7 ~1+f Im: hy)da 


- 
= ae = = jweV; + ae +f ie 61;)da 
ID ya oe 
+f J m:hz3)da. (7) 
JOM; 


Equations of this form have been derived, for metallic 
waveguides, by Marcuvitz.* They are extended here for 
open-circuit modes. Detailed proofs are omitted. 


D. Coupled Transmission-Line Equations 


The coupling equations for a composite waveguide 
containing two media will now be derived. The subscript 
j has been retained for the subwaveguide with the short 
circuit imposed at the wall, and the subscript k has been 
used for the subwaveguide with the open circuit im- 
posed at the boundary. 

For the short-circuited subwaveguide, 


n= KalS) = KES), 
Tae, (8) 


where F°(S) is the electric field in the open-circuited sub- 
waveguide at the boundary S. 


Similarly, for the open-circuited subwaveguide, 
Te = KaS) it < F505), 
Trt 0. (9) 


Use of (7)—(9) yields the coupling equations: 


dV ; 
= oa = Mil; + Meh 
: and (10a) 
dl, 
BN Vee a 
dz ke 
dV;, 
pas x = Minle + >> Mijl; 
j 
=——= = NuVe+ DD NaVs! 
dz j J 


* N. Marcuvitz, “Representation of electric and magnetic fields,” 
J. Appl. Phys., vol. 22, pp. 806-819; June, 1951. 
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where the sums are over all the modes of the opposite 
subwaveguide, and the coupling terms M and N are 
given by 


jee 1 ee 
My = jon +P + — ff Chas fads 
Jme; Jo€r 
Wer 
Mu = ii (i+ En X hyj)ds 
ee (11) 
Pri 
Nj; = joes + — : 
JOKs 
Disa pe a 
Nap = = if (m-Eux X he;)ds 
JOMs 
and 
Pex 
Min = jour + 
JE: 
ler 
M,; = =| (n+ én X hi)ds 
ie (12) 
Pre? 
Neg = JOE: a MKS (€n- Ex.) ds | 
jour — jou; 
Ni = h.;)ds 
JOM; 


The integrals are taken along the boundary, in the 
transverse plane. The subscripts 7 and k have been used 
on mw and e, to avoid inserting a second subscript. They 
are necessary because uw and e of each subwaveguide ap- 
pear in the equations for the other. They do not imply 
that e€ and ware different for each mode. 

In the following discussion we shall consider only the 
case of coupling between two modes, one in each sub- 
waveguide. 

If we assume propagation of the form e-!: for the 
composite system, we obtain 


dV; dl; 
ie DV;, San PY, 
dz dz 
ae IV oe rl 3 
a Cy Pie a L igs 1 
de : de : U3) 


Then the coupling equations (10a) and (10b) can be 
reduced to 


[T? — (My; + Maid) V; 
— [MiNi + MuNi|Ve = 0; 
—|[(MiaNes + MijN 53) V; 
+ [T? — (MinNix + MiajNan)|Vi = 0. (14) 


Hence [? is given by 


T? = 3[(Tij7 + Tae) & VOT — Ta)? + eae (15) 
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where 
Dj3 = MyjNj3 + MyNis, 
Tex = MixNix + MijNix, 
Le = MiNi + MaNix, and 
iby, = MiN 1; ts M5 N53. 


I 


(16) 


Ill. APPLICATIONS 


In order to obtain good approximations with a few 


modes (preferably two), care must be taken in the 


choice of modes. For instance, inspection of (11) and 
(12) will show that Mj, and M;; tend to be small when 
the dielectric constant of the open-circuit waveguide 
(e.) is large. Therefore, if one of the regions has a large 
dielectric constant, the use of open-circuit modes in 
this region, and of short-circuit modes in the second 
region, will insure small coupling between H-modes in 
the subwaveguides. For dielectric constants larger than 
10, the subwaveguides are practically decoupled from 


each other, and the propagation constants can be found 


easily. For H-modes, the same advantage is gained if 
short-circuit modes are used for regions of high pw. In 
either case, for sufficiently high frequencies, (11) and 
(12) show that the modes tend to decouple, so that the 
propagation constants are those of each subwaveguide, 


Uy) 
oy 


Fig. 3—Circular waveguide half-filled with dielectric material. 


A. Weak Coupling (@ large compared with €) 


As an example of how these approximations can be 
found, we shall take the case of a circular waveguide, 


half-filled with dielectric material (Fig. 3). We are 


looking for the dispersion characteristics of the circular 


symmetric TM (or £01) mode. 


Assuming that the two systems are completely de- 
coupled, we solve for the open-circuit modes in the di- 
electric region. The boundary conditions are: 


Bas); 
Hy, = 0. 


r= b, 


r=4a, 


The solution for the dielectric subwaveguide is found 


| by solving: 


[2 = p> ky = p? — w*uoes; 
and 


Ji(pa) Z J (pb) ; 
Ni(pa) N (pb) 
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When 6=2a, for example, we find that p=1.147/b.4 It 
follows that 


2)? 1.147)? 2 
_ _ (nt _ (tle)? 


a 1 


or 


where €, = €2/€0. 
Finally, we obtain the approximate relationship 


Neale 7? 
Fa = & — 13| =| : 
Xo 2b 


The exact boundary-value problem has been solved for 
this case, and the propagation characteristics have been 
plotted by Marcuvitz.® The reader will see that the 
curves (except for ¢=2.54) shown there are described 
very accurately by (17). 


(17) 


B. Synchronous Coupling 


For low values of uw and e, the coupling terms cannot 
be ignored. In order to obtain good approximations in 
these cases, we take advantage of the fact that when 
the propagation constants of two modes are approxi- 
mately equal, the contribution from all other modes 
may be neglected. If two modes are so chosen that their 
G-w characteristics cross each other within the frequency 
range that is of interest, we can expect good approxima- 
tions. To illustrate the method, we have calculated the 
propagation constants of the fundamental mode of a 
rectangular waveguide half-filled with dielectric of di- 
electric constant €:=2.45 €. (See inset, Fig. 4.) 

The fundamental mode can be found by coupling the 
TE.) modes of each subwaveguide. The approximation is 
good if we choose short-circuit modes in the dielectric 
(subwaveguide 1) and open-circuit modes in the air 
(subwaveguide 2) because the w-8 curves of these TE:o 
modes cross. Each of these modes is the dominant mode 
in its respective subwaveguide, and the crossing point is 
near the cutoff of each. For this simple case, (15) re- 
duces to 


r? = 4[((T2+ 1.2) + V(T? — 1.2)? + 4K], 


4E, Jahnke and F. Emde, “Tables of Functions with Formulae 
and Curves,” Dover Publications, Inc., New York, N. Y., 4th edi- 
tion, pp. 207-208; 1945. 

5 N. Marcuvitz, “Waveguide Handbook, Radiation Laboratory 
Series,” Vol. 10, McGraw-Hill Publishing Company, Inc., New York, 
INBYecp.6oonl9ol: 
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Fig. 4—Propagation in rectangular waveguide 
half-filled with dielectric material. 


where 


Ks se 
dV/d(a—d) @ 
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A few algebraic transformations lead to 
2 1 f a 2 
() =a eat 
ne 8 x 
a 212 
a5 (/|3 ae 3.8|—] | +654. 


If we solve for the cut-off wavelength, we find that 
a/\2=0.34 or a/he =0.74. Here we see that we obtain 
two solutions for \,(A) as a result of the coupling be- 
tween the modes in the two subwaveguides. One is a 
slow wave, and the other a fast wave. 

The results of our calculation are plotted in Fig. 4 and 
compared with the results of an exact computation 
based on the boundary-value formulation.® 
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CORRECTION 


R. C. Johnson, author of “Design of Linear Double 
Tapers in Rectangular Waveguides,” which appeared 
on pp. 374-378 of the July 1959 issue of these TRANS- 
ACTIONS has brought the following corrections to the 
attention of the Editor. 

The first line under (2) should read “where y» is the 
propagation constant in the mth segment.” 

The expression for 6 above (7) should be 


b,— 5b 
b = b(x) = by) + : * x, 
iE 


The integral in (14) can be evaluated in closed form: 
therefore, instead of determining / through the use of 
(15), it is preferable to use 


IE i 2a 2a 2a 
= — + arctan —— — arctan — |, 
2(ay >, a) gt Ago go r | 


gl 


where 
ON 
1G ees 
V1 — (A/2a»)? 
rN 
Ng 


TAL aaa 


The imaginary operator was left out of the exponent 
term of (19); it should be 


1 bi — bo bi — bo 
T= exp (—74rL/\,) — 
el 5 exe (ite) — “|. (a) 


The close parenthesis symbol was left out of the 
cosine term in (20); it should be 


1 b bi\2 
ere 
bo 


NGAI he is 
by 1/2 
—2 (=) cos (4nL/n) | dee 20) 


.19690 
Correspondence 


The Extended Theory of the 
Manley-Rowe’s Energy Relations 
in Nonlinear Elements and Non- 
linear Lossless Medium* 


Energy relations for a lumped nonlinear 
reactance excited by two different funda- 
-mental frequencies were derived by J. M. 
Manley and H. E. Rowe [1]. R. H. Pantell 
{10] developed the energy relations in a non- 
linear resistive element. Furthermore, H. A. 
Haus extended the Manley-Rowe’s energy 
relations to a nonlinear lossless medium ex- 
cited by two fundamental frequencies [2]. 
This paper extends the Manley-Rowe rela- 
tions in the case of a lumped nonlinear ele- 
ment (lossless reactance and resistive ele- 
ment) and nonlinear lossless reciprocal 
medium excited by k numbers of funda- 
mental frequencies, wherein the extended 
relations consist of k independent equations. 


I. In THE CASE OF NONLINEAR 
LossLEss REACTANCE 


In this case, generalized energy relations 
have been independently derived by this 
author [6] in Japan, and Yeh in America [9]. 

The author derived the extended rela- 
tions by using the multiple Fourier Series 
[6], [9]. 

The energy relations obtained in both 
’ papers have the same results and consist of 
k independent equations. This relation is 
also obtained by using the energy conserva- 
tion theory directly [8]. This extended 
energy relation can be applied to the multi- 
pumping parametric amplifier. If there are 
(k—1) pumping frequencies, fp, fr2,°**, 
fp(e-1), and if we choose the idling frequency 
according to 


(fs: signal frequency), the general energy 
relations in the multi-pumping parametric 
amplifier are derived as 


WwW. 2 W: 
ie fi 
Wer Wee | Ws, gy 
Spi Te fog) fi 
where 
Real 
po Sri >fs 
j=l 


Il. IN THE CASE OF A NONLINEAR 
RESISTIVE ELEMENT 


The energy relations in a nonlinear re- 
sistive element excited by two fundamental 
frequencies were derived by R. H. Pantel 
[10]. 


= Received by the PGMTT, January 4, 1960; 
revised manuscript received, March 7, 1960. 


IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 


We can extend this relation to the multi- 
exciting system by using multiple Fourier 
Series. Assume that, 


1) The relations between the voltage v 
and the current 7 in a nonlinear re- 


sistor can be expressed by single 
valued function, 
v = f(z): single valued function, (2) 


2) There are k numbers of fundamental 
frequencies fi, fo, fs, «+ + , fx (R: positive 
integer). Higher harmonics and side- 
bands 


k 


DL mfi, 


4=1 
are generated by the nonlinearity. 


Then, the voltage v and the current 7 may 
be expressed by the multiple Fourier Series 
as follows: 


C-) 


So Seale 


Np=—O Np j=—00 No=—0 


cd 


o 


Sri bwleea as 


Np=—0 Np—j=—O no=0 


For the real power, 


Co) C-) 


png AV 


nyp=—o nk— i, 
an 
. > Vaasa ye attest ++ tne) (3) 
1%2 
ny=—0 


c) 


ys 


nh= i) Nk—\=—-2? 
is} 
Daa ee re Fee WIA) 
fh — co 
where 
xi = wrt. (Gi LB, ceo 33) 


Since v and 7 are real quantities, 
* 
Viryng? omy = Vipy—ng mp 
* 
Vinay: np Vayng: “Nk 


* 
Inns: np = Tin ng: ‘Nh 


* 
Tny-ny- ‘ony, = Tnyng: dd Ie (S) 
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Furthermore, the coefficient of the Fourier 
Series in (3) can be expressed by (6). 


V 1 Qr 2x 2a 
Tray: Ny, ae d ‘Vie mo oy 
2 k (2r)é i, Vie i dip —1 i, 


Qn 
dxyve ™iaitnanet * + nkek) | (6) 
0 
Let us define the average real power and the 
reactive power as follows: 


Wawicat= 


* 
eer Mee: 


* 
=e Vayny- = nl yng: Or A 


. : * 
DS aeceny Se =f | Vane alae 


* 
FP Vayng: snpl aise? (7) 


Finally, we can obtain the following k inde- 
pendent equations (8) and (9), by using 
(2)-(7) and by using the condition that v 
is the single valued function of 7. 

For the reactive power, 


C) 


So NMiXnng ony =0 


ni=0 


oO 
ye N2X nyng" OSE SF 0) 


aa he (8) 


C-) 


De eX nyngs-ng = 0 


Ny=—0O 


oO 
oy 2W ning - ny = Tint 
n=0 
oO 
s n2?W nyny- + nj = hn 
oo , (9) 
LJ 
> 1? W nyng ha Tink 
Fey OF) 
where 
1 2a Pus 
Ini = a f dxx, dxp-1 °° * 
(27) 0 0 


2x Qa Ot ov 2 
: f dx, dx; (= ; 
0 0 00 \ 0%; 
Ill. ENERGY RELATIONS IN NONLINEAR 


LossLtess MEpIuM WITH 
MULTI-EXCITATIONS 


Energy relations in nonlinear lossless 
medium have been published by H. A. 
Haus [2], whereby the number of excitations 
is confined to the case of two. The extended 
theory in nonlinear lossless medium which 
contains k excitations, and whose frequencies 
are fi, fo, - - * , fx, will be considered. 

Assumed that, 


1) the medium is nonlinear, 

2) the medium is lossless, the conductiv- 
ity o=0, 

3) the medium is reciprocal, but is not 
necessary if required to be isotropic, 
and 
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4) there are no free charges, p =((), 


Maxwell’s equations are satisfied at any 
point in the medium 


FT oo 
= (a 
vx at 


aD 
Bega (5 
VXE re (b) 


B=y(H+M) (c) 
Deb? eG) 
divD=0, divB=0(e). (10) 


Let the medium be excited sinusoidally 
with respect to time, the excitation angular 
frequencies being w1, w2, wx. Their sideband 
and higher harmonics 


k 
NjWi, 
t=1 


are generated by the nonlinearity. 

At any point in the medium, the electric 
field E, whose frequency is m1+M2w2+ * + * 
+nywor, can be expanded by the multiple 
Fourier Series 


C) 


EQ) = 


Np=—o 


DE 2 cole?) 


Ny=—0 
«ef (MyWytng@et + TKK) E (11) 
where r is the vector representing the posi- 
tion of observation from the origin. 
Since E is real, it follows that 


* 
{Dhow oe ad ND are, 


* 
Enyng NK 


(12) 


These results are also valid for magnetic 
field H, electric polarization P, current 
density J, and magnetization M. 

From (10a) and (10b), 
vx En yng: NE 


= — juo(miws + mowe + + + > + myor) 


Einy—ng:+-—ny = 


g (Gains: “Ne =e Maryn: O cop) (13) 
vx An yng: oN 
= j(mwr + mows + ++ + + mon) 
* (€0En ny: Oo 2 as Pring: y apie (14) 
Making the vector product Enyng.--n, 


XAnyng-+-m, by (13) and (14) and applying 
the vector formula 


V(AX B)=B-VXA-—A:VXB; 
and summing up with to the frequencies, 


from —* to +, k independent relations 
are obtained as follows, 


* 
= Ni Enyny-+-np x BXa ang: + ony 


Ny=—0 ny=—0 110) + NW 2, -- see + NOK 
bd () 
ar * 
=-j DM ay Ei nan 
Tepe ny=—0 
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je) 


* 
s NiPnryng: ong! Enno: “ny 


a= 1p 2, eae (15) 


From assumption (2), «=0, and (3), the 
functions describing the relations between 
H and M and between E and P are single 
valued, 7.¢., 


H = H(M), E= E(P) - -: Single Valued. (16) 


+7 


Nhk=—-o 


The energy supplied to the material of unit 
volume so as to cause magnetic polarization 
M, is given by the integral (16), 7 being a 
function of M, 


{ “Hamam. (17) 
0 


Since H is single valued, integral (17) is 
independent of the integrating path. The 
integral along the closed path vanishes, 
since the medium is lossless. The magnetic 
polarization M is expanded in the multiple 
Fourier Series at any point in the medium as, 


peat 


N= 


co 
5 sean el (rirrtrenat + * *npry,) 
nyng?* ne ke 


EG Dee. (18) 


The coefficient Myyng---n;, in (18) is expressed 
by, 


Xi = wit 


1 Qr ar 
Majny-+-ny, = k if dx dxXp_-1 Sach 
(27) 0 0 
Qr 
Axi (xyxe + + + xy)e 7 trtmenet * --rnkrk) 


0 
* 
Mi ee = ee 


* 
Mee eM eat (19) 
which may be rewritten as 
jel = A[M (x, a, + tx) | 
7, A(x, dy cy XK) (20) 


Likewise, H may be expressed by multiple 
Fourier Series. 

By using the condition that H(M) is 
single valued, the following equations are 
obtained. 


-) c) 


; * 
au ae aS INiAn ng + + nk Mnyno- + ny — 0 
np=—0o ny=—0 
(ree ts 2m By (21) 
For P and E 


C) 


o 3 * 
dg, marys oS, JNPr ngs ny Enyng a 0 


Npo—o n,=—0 
(i = I eats Card) (22) 


Putting GD r@2)wandic—Ominton(lo)er 
independent equations are obtained in the 
lossless reciprocal medium excited by & 
fundamental frequencies. Thus ; 


oO (--) oo E * 
Vv: NS. os ny MyNg** NE x Alayng+ ny A 0 
NE=—O NhE—4=— Ny=—0 Nj + Nw» + Sikeina of Nie 
C) 00 Poa) ir) E x yep 7 
24nyno**-n eee 
Vv: 12 k N Ny"? Nh 
Pe =0 (23) 
k=-* Np =—0 


] 


ny=—w@ M101 + Nyw2 + - 


> + + neo, 


m * 
Mk En ny: “nk x Anny nk 


ny=— 110)1 + news +++ + mor + 
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A Method of Improving Isolation in 
Multi-Channel Waveguide Sys- 
tems* 


In microwave measurements, frequent 
use is made of “two channel” or multiple 
channel systems, in order to obtain isolation 
from amplitude fluctuations in the generator 
output and/or various other benefits. In 
such systems it is generally required that 
the signal delivered to one channel be inde- 
pendent of changes in loading, etc., in the 
second channel, and a common problem is 
that of achieving or determining that an 
adequate degree of isolation exists between 
the different channels. It is the purpose of 
this letter to describe briefly procedures for 
obtaining and recognizing this condition. 

Consider first the three arm junction of 
Fig. 1, where the generator feeds arm 1. 
The required condition for isolation is that 


Fig. 1—Three arm waveguide junction 


* Received by the PGMTT, March 10, 1960. 


1960 


the ratio of the complex amplitudes of the 
emergent waves from arms 2 and 3 (be, and 
-b3), be constant: 


be 

bs 
~where K is a complex constant of finite 
‘magnitude and different from zero. 

It may be noted that this condition does 
“not actually insure that be, for example, will 
‘be independent of changes in the loading on 
sarm 3. However, it does require, if a change 
‘in b: occurs, a simultaneous change in b; such 
that the net result is equivalent to an ampli- 
tude variation and/or phase shift in the 
‘generator to which the system is presumably 
‘insensitive. 

In terms of the incident wave amplitudes 
(a1, G2, ds), b2 and 63 are given by: 


be = Soidi + Soodq + So303 
bs = $3141 ae S32d2 + S333, 


-where the Sn,n are the scattering coefficients 
-of the junction. 
Substituting (2) in (1) yields 


© (S21 — KS31)a1 + (S22 — KS32)d2 
== (S23 iz KS33)d3 = 0. (3) 


In practice a; will not vanish since this is 
the emergent wave from the generator, and 
‘in the general case both a2 and a; will assume 
arbitrary and independent values. The cri- 
terion for isolation, therefore, requires that 
-each of the coefficients of the a’s vanish. 

With reference to the coefficient of a, 
af Sx, vanishes, so must S31 and conversely. 
But this would mean that no transmission 
» would be possible between arm 1 and either 
‘of the other two arms, and consequently 
represents a trivial solution. Therefore, 


=K (1) 


(2) 


Substituting this result in the coefficients 
«of a2 and az yields 


SarSs2 
Soo am = 0 4 
Sa, (4) 

S31S23 
S33 — = 0. 5 
to (5) 


Eqs. (4) and (5) give the necessary and 
«sufficient conditions that the junction sat- 
isfy (1). 
In practice these conditions are approxi- 
- mately satisfied by a “Magic T” whose shunt 
or series arm has been terminated in a 
matched load, or by a directional coupler. 
In such junctions, each of the terms Sx, 
Sos, S32, and S33 ideally vanish. The degree of 
‘isolation achieved when using a non-ideal 
hybrid junction or directional coupler can 
_-generally be improved in the following man- 
- ner. 
Let tuning transformers be added to 
each of the arms of the junction as shown 
_ in Fig. 2. The generator is removed from 
-arm 1 and replaced by a passive load (not 
necessarily matched). If transformer 71 is 
now adjusted so that a null! obtains in arm 


1 If transformer Ti is assumed to be dissipation- 
‘less, this adjustment may be realized provided that 
_ =the junction satisfies the condition Ps 


— ‘ 
— Povile 


S22 


‘Si = 


Correspondence 


3 with the generator connected to arm 2, it 
can be shown that the reflection coefficient 
“looking into” arm 2 is just the left hand 
member of (4). Transformer 7» is now ad- 
justed so that this reflection coefficient 
vanishes, and (4) is satisfied. It may be in- 
tuitively recognized that this adjustment is 
independent of the subsequent adjustment 
of transformer 73 since if a null exists in arm 
3, the reflection coefficient observed at arm 
2 will evidently be independent of the man- 
ner of terminating arm 3. The interchange of 
arms 2 and 3 in the above procedure satis= 
fies (5). (If, as is frequently the case, the 
load terminating one of the arms, arm 3 for 
example, is constant or not subject to varia- 
tions in impedance, then it can be shown 
that this second step or the adjustment of 
the transformer in the arm terminated by 
the fixed load is not required.) Once the 
proper adjustment of 7, and 73 has been 
realized, the adjustment of 7; is no longer 
important since the conditions expressed by 
(4) and (5) are invariant to the adjustment 
of T,. If, as an additional condition, 7) is 
terminated by a load equal to the generator 
impedance during the tuning procedure, 
then b. and 63 individually, as well as their 
ratio, will remain constant. In many appli- 
cations this is of at least nominal interest. 
The extension of this procedure to three 
or more channels is straightforward. In the 
four arm junction of Fig. 3, for example, let 
the arm which will ultimately be connected 
to the generator (arm 1) be connected to an 
arbitrary load as previously. If now by 
means of tuner 7) and other “internal” tun- 
ing adjustments (which will in general be re- 
quired), it is possible to achieve the condi- 
tion where no coupling exists between the 
remaining arms (no output is observed at 
arms 3 and 4 with arm 2 connected to the 


Ts; 


Fig. 2—Three arm junction with tuners, 


Ty 


Fig. 3—Four arm junction and tuners, 
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generator, etc.) and if tuners 7», 73, 74, have 
been adjusted so that the reflection coeffi- 
cients at the respective arms vanish, then it 
can be shown that the desired condition 
obtains. The considerations involving tuner 
Tj, as outlined above, also continue to apply. 

One possible method of obtaining such a 
junction is shown in Fig. 4, where tuner 7a 
provides the “internal” adjustment as re- 
quired above. 


1 us 
A ee 


DIRECTIONAL COUPLERS 


Fig. 4—Four arm junction with internal tuning. 
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A Microwave Impedance Meter 
Capable of High Accuracy* 


Recent applications of directional cou- 
plers with auxiliary tuners for accurate 
VSWR and phase shift measurements have 
made possible a microwave impedance 
meter capable of high accuracy. It is similar 
to some bridges in that one obtains an initial 
detector null and a final null, before and 
after connecting the unknown. Both the 
magnitude and phase angle of the reflection 
coefficient of the unknown are determined 
in this operation, and these can be made di- 
rect reading if desired. The principle of 
operation is as follows. 

The use of directional couplers with aux- 
iliary tuners permits adjustment for the 
conditions $3:=T2:=0, whereupon 


The symbols have the following meanings, 
which become clearer upon reference to 
Eaca le 


S3,= transmission (scattering) coefficient 
for waves going from arm 1 to arm 3, 
T»;=reflection coefficient which would be 
measured “looking into” arm 2 if the 
generator were replaced by a passive 
impedance having the same imped- 
ance as the generator, 
b;=amplitude of wave emerging from 
arm 3, 
C=a constant which depends upon the 
parameters of the adjusted direc- 
tional coupler-tuner combination, 


* Received by the PGMTT, April 1, 1960. 
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Fig. 1. 
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The phase wu of T'u, the reflection coefficient 
of the unknown, equals the phase shift pro- 
duced by the sliding short circuit plus the 
phase ys of T's, 

Wu = 261 + We. (3) 
In this equation, it is apparent that / is the 
displacement toward T'x1 of the short-circuit 
and B the phase constant of the waveguide 
containing the sliding short circuit. lie dave 
phase shifter ¢ is varied instead of the short 
circuit, one substitutes its phase change for 
2@1 in (3). 


PRECISION SLIDING 
SHORT - CIRCUIT 


ps(MAGIC" TEES 


| SS 


GEN 


= 


i 
|. 


Te) |) ie ie 
(joe 
3 $2 


4 ' 

isc e a aie 

Ty ee 2 pee 
=) 


4 


Ty 
F 
SECTIONS OF UNIFORM, 
ACCURATELY MADE 
= WAVEGUIDE 
FF 
[a | 


Y2 
LL misy 
bee 
TERMINAL SURFACE > 
WHERE LOADS ARE ATTACHED 
Fig. 2. 


Tz=reflection coefficient of load termi- 
nating arm 2. 


The tuning of a junction to obtain the 
performance indicated by (1) is the basis for 
a reflectometer! to determine |['z| and for 
a phase shift standard? which makes use of 
the fact that the phase of 6; tracks the 
phase of Tz. 

A microwave impedance meter can be 
constructed by a combination of the two 
ideas. A way in which this can be assembled 
is shown in Fig. 2. 

After proper adjustment of the tuners, 
one adjusts the calibrated attenuator and 
sliding short circuit to obtain detector nulls 
with a standard known (T,) termination and 
the unknown (T,) alternately connected to 
the place indicated in Fig. 2. The variable 
phase shifter shown in the lower arm is not 
essential but may be used for convenience 
in zero-setting the short circuit or in making 
rapid, direct-reading phase measurements. 

One calculates the magnitude of T,, from 
the increase in attenuation AA required to 
restore the null when I, is replaced by Ty, 
AA = 20 logic ~ 


u 


(2) 


1G, F. Engen and R. W. Beatty, “Microwave re- 
flectometer techniques,” IRE Trans. ON MICROWAVE 
THEORY AND TECHNIQUES, vol. 7, pp. 351-355; July, 


, “Precision microwave phase shift 
measurements,” IRE TRANS. ON INSTRUMENTATION, 
vol. 7, pp. 321-331; December, 1958. 


The following assumptions implicit in 
the above procedure are noted: 


1) Adjustment of the attenuator does not 
produce any change in phase. (Attenu- 
ators are commercially available which 
come close to meeting this requirement, 
and in principle, one could measure 
their phase shift and deduct it.) 

2) Adjustments of the attenuator and 
phase shifter in the side arms of the 
couplers do not disturb the adjust- 
ments of the tuners to make I;=0. 
(The isolators labeled J in the diagram 
are suggested to reduce trouble from 
this possibility. ) 

3) The complex ratio of the amplitudes 
of the waves entering the two chan- 
nels is not affected by changes of load- 
ing occurring during a measurement. 
(The decoupling offered by the hybrid 
tees or 3-db directional couplers may 
be augmented by the auxiliary tuners 
Tx2 and Ty: shown in Fig. 2; the isola- 
tion can be made arbitrarily high at 
any particular operating frequency.) 


Suitable standards of reflection are a) 
quarter-wavelength short circuits,’ in which 
case I’; =1, (2) yields the return loss AA =20 
logio 1/|Tul, and (3) yields the phase 


® R. W. Beatty and D. M. Kerns, “Recently de- 
veloped microwave impedance standards and meth- 
ods of measurement,” IRE TRANS. ON INSTRUMENTA- 
TION, vol. 7, pp. 319-231; December, 1958. 
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Wu = 26! directly, and b) half-round inductive 
obstacle impedance standards,* 1.e., Ob- 
stacles having accurately calculable mag- 
nitude and phase of reflection, in which I 
may be chosen close to l'u, thereby reducing 
the error in the measurement. 

The adjustments of the tuners to obtain 
the best accuracy with the components and 
instrumentation available are adaptations 
of known techniques! with the exception of 
steps 1) and 5) which were originated by 
G. F. Engen as a modification of a more 
general tuning procedure.® The steps in the 
tuning procedure are as follows: 


1) With generator connected to the uni- 
form waveguide section which nor- 
mally contains the sliding short circuit, 
and a detector connected to the other 
uniform waveguide section, adjust T¢ 
and Tp separately for a detector null, 
blocking in turn the paths from Tp, 
then Tc, to the detector. (Switches 


may be permanently installed in the 


waveguide system for this purpose, if 
desired. ) 

2) Temporarily remove the attenuator 
A and adjust T4: and Tp» for no re- 
flection. (This condition may be rec- 
ognized with an auxiliary reflectome- 
ter.) 

3) Temporarily remove the phase shifter 
¢, and adjust Ty: and T¢e for no re- 
flection. 

4) Adjust Tx: and Ty: for infinite di- 
rectivity of the directional couplers 
and associated tuners. Two ways will 
be described for doing this. a) Intro- 
duce a nonreflecting termination into 
the waveguide section connected to 
the tuner and adjust the tuner until a 
null is obtained in the sidearm output. 
b) Introduce a weakly reflecting 
(VSWR <1.01) termination into the 
waveguide section connected to the 
tuner, and while sliding it back and 
forth in the waveguide, adjust the 
tuner until there are no cyclical vari- 
ations in the sidearm output. This 
procedure will not in itself give in- 
finite directivity but in practice will 
usually result in a very high value.! 

5) With the generator connected as 
shown in Fig. 2, a) adjust Tx2 so that 
sliding a short circuit in the uniform 
waveguide section in channel X pro- 
duces no cyclical variation in the de- 
tector output, and b) adjust Ty: so 
that sliding a short circuit in the 
uniform waveguide section in channel 
Y produces no cyclical variation in 
the detector output. 


When the above adjustments have been 
completed, the two channels are well iso- 
lated, the two directional coupler and tuner 
combinations have approximately infinite 
directivity, and a nonreflecting equivalent 
generator at their outputs in the uniform 
waveguide sections; and the calibrated at- 
tenuator and phase shifter are connected to 


4D.M. Kerns, “Half-round inductive obstacles in 
rectangular waveguide,” to be published in J. Res, 
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_ 8G. Bo engen; “A method of improving isolation 
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nonreflecting waveguides, preventing mis- 
match errors. 

Standards of phase shift and impedance 
may be made to high precision by careful 
machining techniques. With refined instru- 
mentation, the system should prove capable 
of impedance measurements of the highest 
accuracy and therefore useful in calibration 
work. 

R. W. BEATTY 

Radio Standards Lab. 
Natl. Bur. of Standards 
Boulder, Colo. 


On the Noise Temperature of Cou- 
pling Networks* 


When a passive coupling network, such 
as a waveguide, transmission line, matching 
filter, etc., is used to connect a source to a 
receiver, it is apparent that it will contribute 
noise to the output because of its lossiness. 
If the noise temperature of the source is 7 
and the temperature of the coupling net- 
work is 7;, then the noise temperature, Ty, 
at the output (under matched conditions) is 
given by! 


T= +7, (1 : 1 
Pe 2 ; at (1) 


where L is the coupling-network power loss 
ratio. This relationship was derived by con- 
structing a transmission line analog to the 
coupling network and treating the source 
and loss noises as propagating signals. An 
alternative derivation based on a more phys- 
ical representation is presented in this note. 

Consider the coupling network as a gen- 
eralized two-port with matched input and 
output. Its noise power output, P, can be 
written 


_ kT 


ie + kTBy, (2) 


where the first term is simply the attenuated 
‘source noise power and the other is some 


fraction, f, of the noise power available from 


the coupling network. Since (2) is true for all 
values of the parameters, it is true, in par- 
ticular, when the coupling network is at the 
same temperature as the source, yielding 


1 
Brn, = kTB (+ ded )oecen (8) 


‘However, the noise contributions to the out- 


put from the source and from the coupling 
network become indistinguishable when 


' both are at the same temperature. That is, 


the output from the coupling network then 


‘looks exactly like that from the source it- 


self, so 
Pr =r, — RkT-B, (4) 


* Received by the PGMTT, April 1, 1960. 
’1P, D. Strum, “A note on noise temperature,” 
TRE TRANS. ON MIROWAVE THEORY AND TECHNIQUES, 
vol. MTT-4, pp. 145-151; July, 1956. 
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and combining (3) and (4) yields 


1 
= 1 —_— 5 
f r (5) 
Writing the general noise power output, P, 
as kT)B then gives 


T= 47 1 : 6 
eT “( al oO) 


OLED: 
E. BEDROSIAN 
Engrg. Div. 
RAND Corp. 
Santa Monica, Calif. 


A Logarithmic Transmission 
Line Chart* 


In his article above,! Hudson raises the 
question: “What length of line of what imped- 
ance will match a given impedance?” He 
states, “Conventional charts do not answer 
this question explicitly.” 

This problem can be solved on the “con- 
ventional” Smith Chart (Fig. 1) explicitly 
without trial-and-error, by the following 
method. If A and B are two quite general 
impedances, the matched condition requires 
that A be transformed into B*, the complex 
conjugate of B. 


ReZ 


Fig. 1—Smith Chart. 


1) Plot A and B* on the Smith Chart 
and draw the circle through these two 
points which has its center (C) on the 
real axis. If this circle lies fully within 
the Smith Chart, the question has a 
solution, otherwise not. 

2) Read off the values at the intersec- 
tions of the real axis and the circle 
(Ri, Rz), and determine their geo- 
metric mean 4/RiXR:, which will be 
the characteristic impedance of the 
matching line. 


To find the length of this line, 
3) On the Smith Chart normalized to 


* Received by the PGMTT, April 1, 1960. 

1A, C. Hudson, IRE Trans. ON MICROWAVE 
THEORY AND TECHNIQUES, vol. MTT-7, pp. 277-281; 
April, 1959. 
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V RX Rs, represent A and B* by Ay 
and B,*. 

4) The electrical length of the matching 
line will be given by half of the angle 
Ai OB;*. 


This method is based upon the following 
twe properties of loss-free transmission 
lines: 


1) The locus of the impedance along a 
line is always a circle on the Smith 
Chart (having its centre on the real 
axis) irrespective of the value of the 
normalizing resistance. 

2) The characteristic impedance 
of the line is given by Zo 
=/(Re Z)maxX(Re Z)min, where Z 
is the impedance along the line. 


PETER I. SOMLO 
Commonwealth Sci. and 

Ind. Res. Org. 

Diy. of Electrotechnology 
Natl. Standards Lab. 
Chippendale, New South Wales 


Velocity Sorting Detection in Back- 
ward Wave Autodyne Reception* 


An electronically tunable microwave re- 
ceiver which uses an oscillating backward 
wave amplifier driving a crystal detector 
has been described previously.! This re- 
ceiver has the advantages of large dynamic 
range and good rejection of unwanted sig- 
nals, but has the disadvantage that its 
frequency response can be no better than 
that of its crystal detector. Since a variation 
in sensitivity of greater than 3 db over the 
tuning range of 8 to 12 kme would seriously 
lower its usefulness as a spectrum display 
device, the restrictions on the crystal de- 
tector performance are quite severe. 

In the paper describing the operation 
of the device, the author made the sugges- 
tion that it might be possible to detect the 
video output by means of a suitable col- 
lector. This letter describes the results of an 
experimental velocity sorting detector used 
with the backward wave autodyne receiver. 

The first tube used was a Varian VAD- 
161-2. The collector in this tube was not de- 
signed for depressed operation, and, as a 
result, when the collector voltage was low- 
ered to within a few volts of the cathode po- 
tential a virtual cathode was formed near 
the collector. 

A three-dimensional plot of collector cur- 
rent vs collector voltage and beam current 
is presented in Fig. 1. The current is a 
multivalued function of collector potential 
which resulted in the production of oscilla- 
tions when a load resistance was connected 
to the collector. Because the oscillations oc- 
curred at the setting of collector voltage 


* Received by the PGMTT , December 28, 1959; 
revised manuscript received, April 4, 1960. 

1]. K. Pulfer, “Application of a backward wave 
amplifier to microwave autodyne reception,” IRE 
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, 
vol. MTT-7, pp. 356-359: July, 1959. 
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which produced maximum sensitivity, detec- 
tion in this tube was not satisfactory. 

A new tube designated type VAD-161-4 
was developed which had a collector rede- 
signed for depressed operation. With this 
tube no instability was observed at any 
value of collector voltage, beam current or 
beam velocity. 

Fig. 2 is a three-dimensional model of 
collector current for the VAD-161-4. The 
collector current below the oscillation start- 
ing current increases with both beam current 
and collector voltage, indicating that no vir- 
tual cathode exists. 

At the start of oscillations (a beam cur- 
rent of about 3.5 ma), there is an abrupt 
change in collector current. At a low col- 
lector voltage the collector current rises at 
the oscillation starting point, but at a higher 
collector voltage the beam current drops 
steeply when oscillations begin. This steep 
drop may be used to detect small changes in 
beam velocity distribution. 

Fig. 3 is a plot of detected output signal 
level for a constant input vs collector volt- 
age. Beam current was optimized for maxi- 
mum output, 

An important characteristic of the auto- 
dyne detector is the rate at which the output 
signal is reduced as the beam current is in- 
creased beyond starting current. In Fig. 4, 
normalized output from the two types of 
detector is plotted against normalized beam 
current. One hundred on the abscissa repre- 
sents starting current. The crystal detector 
is much less sensitive to variations in beam 
current. Note that in contrast to the crystal 
detector the collector detection efficiency 
falls off almost as rapidly above starting cur- 
rent as it does below. 

The mechanism of detection by a nega- 
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Fig. 1—Three-dimensional graph of measured col- 
lector current for type VAD-161-2,tube. 
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tively biased collector is such that it is the 
beat frequency between the oscillation and 
the signal which is actually detected. When 
either of these becomes large relative to the 
other, the change in collector current due to 
the beat becomes small and detection ef- 
ficiency drops off. 

When the beam current is increased 
above starting current, the amplitude of the 
oscillation increases extremely rapidly, so 
that detection efficiency decreases rapidly 
for beam currents above starting current. 

Because of this effect, a velocity sorting 
detector has not proved superior to a crystal 
detector in the electronically tunable re- 
ceiver application, although sensitivity 
equivalent to a good crystal detector can be 
easily obtained. 


Fig. 2—Three-dimensional graph of measured col- 
lector current for type VAD-161-4 tube. 
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Fig. 3—Detected output level 
vs collector voltage, 
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The backward wave oscillator tubes used 
in these experiments were developed by 
Varian of Canada, Ltd., under the auspices 
of the Defence Research Board, Canada, 
(Electronic Components Research and De- 
velopment Committee). 

J. K. PULFER 

Rad. Elec. Engrg. Div. 
Natl. Res. Council 
Ottawa, Canada 


A Broad-Band Crystal Mount 10.5 
kmc to 20 kmc* 


Laboratory measurements at microwave 
frequencies very often require the use of a 
sensitive detector with broad-band charac- 
teristics. 

A crystal mount has been developed with 
a nearly uniform response from 10.5 kmec 
to 20.0 kmc using coaxial crystals type 1N26 
or 1N78A. The best over-all sensitivity is 
obtained with 1N78A crystals, although the 
1N26 crystals are more sensitive from 17 
to 20 kmc. 

Basically, the mount consists of a sec- 
tion of type RG-91/U waveguide containing 
a tapered ridge guide-to-coaxial-line junc- 
tion [1]. The first design matched the wave- 
guide to a 65-ohm coaxial line, but as the 
crystal impedance was not 65 ohms the di- 
mensions had to be modified considerably to 
obtain the maximum sensitivity across the 
frequency band. Dimensional details of the 
crystal mount are shown in Fig. 1. A low 
impedance between the crystal body and 
the mount is obtained by means of an insu- 
lated sleeve which forms a capacity of 50 
puf. With a bias current of 75 vamp the 
video impedance is about 700 ohms, which 
results in a rise time of less than 0.1 usec. 

The narrow dimension of the waveguide 
was reduced from the standard 0.311 inch to 
0.281 inch to eliminate a sharp dip in sensi- 
tivity at 19.2 kmc. In the final version of 
this mount, the tapered ridge and the insert 
which reduces the narrow dimension of the 
guide were machined from one piece of 
metal, and then placed in the standard wave- 
guide. This method of construction places 
the junction of the insert and the waveguide 
at the walls of the guide instead of at the 
base of the ridge. The results of electrical 
tests indicated that the performance of the 
mount does not depend on a good electrical 
contact at this junction. With this method 
of fabrication, the assembly of the mount 
will be greatly simplified. 

During all measurements, crystals were 
biased with 75 wamp of forward current to 
improve both the detection efficiency and 
the RF impedance of the complete mount. 
The video amplifier following the crystal de- 
tector had an input impedance of 50 ohms 
and a bandwidth of 0.5 mc. A pulse-modu- 
lated signal was used, with a pulse width of 
1 to 2 usec. The measurements were limited 
to a few crystals of each type, as the effort 


* Received by the PGMTT, December 22, 1959; 
revised manuscript received, February 23, 1960. 


VSWR 


condition, known as “tracking error, 


1960 


BNC TYPE UG-I094/U 
MODIFIED 


COUNTER BORE EXISTING HOLE IN 
TEFLON INSERT OF UG-1094/U 
-110 DIA. X .187 DEEP 


BERYLIUM COPPER SPRING 

FREE LENGTH .281 

COMPRESSED LENGTH «110 

AT 5 TO 10 POUNDS 

MICROWAVE ABSORBER (REF. 2) 

18% EPOXY RESIN 

82% GQ4 CARBONYL IRON POWDER 

BY WEIGHT 
IN78 CRYSTAL 
BRASS INNER SLEEVE 
241° O.D.,.222 LD. 


TYPE UG-419/U 


REXOLITE OUTER 


Correspondence 


725 


.625 DIA. 


FLANGE 
SLEEVE .255 0. 
Sate. ae S| S ORS 
= SS at 
& S' S 
Q 184 DIA. =i = = 
2 .063 DIA. SN! | | S © 
RG-91/U GUIDE Se anes SS4 t | 
RIDGE .310 WIDE N Y Y 


622 X 1 Se 


CAST 
ALUMINUM 


ly 


BERYLIUM COPPER 


Fig. 1—KU band crystal mount (all dimensions in inches). 
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Fig. 2—VSWR at —36 dbm, 


available did not permit a more extensive 


investigation. 
The VSWR’s of the mount, with two 


“types of crystals, are shown in Fig. 2. The 


type 1N78A is a better match below 17 
kmc, whereas the 1N26 crystal is better be- 
tween 17 and 20 kmc. The mean tan- 
gential sensitivity vs frequency is plotted in 
Fig. 3, with two types of crystals. The short 
vertical lines indicate the spread in sensi- 
tivity of the group of crystals at each fre- 
quency. The arithmetic average sensitivity 
of the 1N78A crystals was —46.5 dbm, and 
that of the 1N26 crystals was —44.5 dbm. 

In certain applications, such as in rati- 
ometers, it is desirable that the sensitivity 
curves be parallel. The departure from this 
” was 
estimated from the data and is shown in 
Table I. 

The choice of crystal type depends upon 


" which frequencies are the most important in 


the particular application. The 1N78A 
crystals, designed for 16 kmc, have a higher 
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TABLE I 


TRACKING OF SENSITIVITY OF CRYSTALS 
AND Mounts 


Crystal Tracking Error 
Num-| type BE 5215 st 5220 

ber Mounts kme kme 
Ten 1N78A One 2 db 2.7 db 
Five | 1N26 One 1.5 db 1.1 db 
One 1N78A Eight 1.5 db 2.5 db 


sensitivity and a lower VSWR from 10.5 to 

17.0 kmc, whereas the 1N26 crystals de- 

signed for 24 kme are better from 17 to 
20 kmc. 

A. STANIFORTH 

Radio and Electrical Engrg. Div. 

Natl. Res. Council 

Ottawa, Canada 


BIBLIOGRAPHY 


[1] S. B. Cohn, “Design of simple broad-band wave- 
guide-to-coaxial-line junctions,” PRoc, IRE, vol. 
35, pp. 920-926; September, 1947, F 

[2] A Staniforth and K. A, Steele, “Casting lossy 
microwave parts in resin aids design work,” Canad, 
Electronics Engrg., vol. 2, pp. 16-20; May, 1958. 


465 


Proposed Parametric Amplifier Uti- 
lizing Ferroelectric Substance* 


Ferroelectric substance has been utilized 
as nonlinear substance in parametric ampli- 
fiers.~4 However, all of these have been 
done at low-frequency regions. A surface- 
wave parametric amplifier employing ferro- 
electric substance in the microwave region 
has been proposed.° 

The character of ferroelectric substance 
is not so clear at microwave frequencies as at 
lower frequencies. The nonlinearity caused 
by the domain wall motion cannot be uti- 
lized in the microwave region, because of the 
slow response of the wall motion.’ However, 
the nonlinearity of (BaSr)TiOs has been 
measured in the microwave region (3000 
mc).? This nonlinearity may be caused by 
the potential of the ionic atom (Ti atom or 
O atom). Therefore, we may consider the 
frequency limitation to depend upon the re- 
sponse of the motion of ionic atom. Infrared 
spectrum studies’ show that the resonant 
wavelength of the Ti atom is in the order 
of 50 uw. From these results it seems feasible 
that some ferroelectric substance can be 
utilized in parametric amplifiers at micro- 
wave frequencies. 

There are several problems to be con- 
sidered in using ferroelectric substance for a 
parametric amplifier. First, three different 
frequencies (signal, idling, and pumping) 
should be supplied into the substance with 
minimum reflection. Second, the amplifier is 
desired to be operated with a low pumping 
power, especially at high frequencies. 

Now, when microwave is applied to an 
isotropic, homogeneous material whose 
length is equal to an integer multiple of the 
half wavelength in the material, the wave 
reflected at the first surface is cancelled by 
the wave reflected at the other surface, and 
there is no reflected wave, provided that the 
material is lossless. When a TEM wave is 
used, e¢.g., when the ferroelectric substance 
is set between two parallel plates or be- 
tween the conductors of a strip line or 
coaxial line, the wave length in the material 
is expressed as follows: 


dai 1 
N= Se: (1) 
€ (a3) 
Therefore, when 
@pumping = Wsignal + idling, (2) 
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it is possible to make the length of the ma- 
terial equal to integer multiples of each half 
wavelength of the three waves, if the dielec- 
tric constant does not vary with the fre- 
quency. (Since the dielectric constant can be 
changed by de bias voltage, the wavelength 
can be adjusted by dc bias. Consequently, 
the length of the material can be made equal 
to the multiples of the half wavelengths of all 
three frequencies. ) 

Suppose that a TEM wave is applied 
into a ferroelectric substance both of whose 
surfaces facing each other are parallel and 
are perpendicular to the propagating direc- 
tion of the wave. The ratio, ft, of the ampli- 
tude of the wave which passes through the 
substance and of the incidental wave is 
easily obtained. 
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2) Change of the dielectric constant with 
the microwave frequency. Amplification was 
calculated with the assumption that the di- 
electric constant was independent of fre- 
quency. When the dielectric constant varies 
with the frequency, two undesirable effects 
take place. One is that the wavelength in the 
substance depends on the dielectric con- 
stant, so that similar effects as that of rough- 
ness occur. The other is that the gain a, is 
decreased by the change of the dielectric 
constant with frequency. These were ana- 
lytically calculated, but only numerical 
results will be shown. 

Finally, some practical examples will be 
presented. First, let us consider the case 
when the nonlinear material is barium (73 
per cent)-strontium (27 per cent)-titanate 


i t| = 4te-«D/,/(1 + &)4 — 2(1 — #)%e-P cos 6 + (1 — £)te 422, (3) 


where € is \/éair/€substancey D is the length of 
the substance, a is the attenuation constant 
of the substance, and @=47D/ . \ is a wave- 
length in the substance. _ 

On the other hand, the gain of the para- 
metric amplification with respect to the sig- 
nal wave in the substance is obtained from 
a modified theory of Tien and Suhl.® As for 
the attenuation constant of the signal wave, 
a, in (3) should be expressed by 


a = a1 — a, (4) 
where a; is the true attenuation constant of 
the substance, and a, is the gain and is ex- 
pressed as follows: 
| €»°| 


€0 


1 
arg V/BeBi , (5) 
where 8, and ; are phase constants of signal 
wave and idling wave, respectively, eo is 
the constant part of the dielectric constant, 
and e,® is the amplitude of the alternating 
part of the dielectric constant caused by 
pumping wave. When D=n)/2, (3) is sim- 
plified, and 


| t| = 4te=?/{(1 +8)? — (1 — £)%e-%P}. (6) 


These results show that amplification can be 
obtained when a:<a,, where |t| is the 
amplification of the amplifier. The maxi- 
mum amplification is obtained when 
e-eD — 1+é : (7) 
ae 

In the practical design of the amplifier, 
the following must be considered: 

1) Roughness of the surface of the ferro- 
electric substance. In order to make the 
length of the ferroelectric substance equal to 
multiples of the half wavelength, opposite 
faces perpendicular to the wave must be ex- 
actly parallel to each other. The roughness 
of these surfaces decreases the amplification. 
There are two possible effects. One of the 
effects is such that the roughness affects | | 
directly. The other is that the roughness de- 
creases the amplitude of the pump wave in 
the substance and consequently decreases 
the gain ay. 


9P. K. Tien and H. Suhl, “A traveling-wave 
ferromagnetic amplifier,” PRoc. IRE, vol. 46, pp. 700-— 
706; April, 1958. 


ceramics, which was measured by Davis, 
and Rubin at 3000 mc.7 


Material (BaTiO;, 73 per cent; SrTiO;, 27 
per cent) at 23°C with 5 kv/cm bias 


Dielectric constant about 3600 
Dielectric loss tan 6=0.1 
Aoa1 = 18.8 nepers 


Nonlinearity €p°/eo per field strength 
=7 per cent/(kv/cm) 
Amplifier 
Frequency 
signal 3000 mc 
idling 3000 mc or {6000 mc 
pumping |6000 mc 9000 mc 
Dimension 
thickness 0.1 mm 
length 0.83 mm (=),/2) 
width 5 mm 
Results 


Pumping voltage 
at minimum gain 2 kv/cm 
at 20-db gain 2.4 kv/cm 
at maximum gain 2.5 kv/cm 
Pumping power 
at 20-db gain 4.7 kw at peak power 
The roughness of surface must be within 
+0.01 mm.?° 
The change of the dielectric constant at 
the pumping frequency and at the signal 
frequency must be within 2.2 percent. 


These results show that 


1) material must be extremely small; 

2) very precise work is necessary to fab- 
ricate the material; 

3) rather high pumping power is neces- 
sary. 


These undesirable facts are caused by the 
high dielectric constant and high dielectric 
loss of the material. 

Next, let us consider the case when a 
new material, whose characteristic is shown 
in the following table, is used as a nonlinear 
substance. This material was originally pro- 
posed by Cassedy.® It is believed, however, 
that the material could not be easily pre- 


10 In this case, the amplification coefficient || does 
not decrease below half of that of the ideal case. 
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pared by suspending (BaSr)TiO; in a non- 
polar binder as Cassedy proposed, because 
of the difference in the dielectric constant of 
(BaSr)TiO; and the nonpolar binder. It may 
be possible to obtain the desired material 
by mixing certain materials with BaTiOs. 


Material 


Dielectric constant about 100 


Dielectric loss tan 6=0.01 
oa: =0.31 neper 
Nonlinearity €p°/€0 per field 
strength=7/(kv/cm) 
Amplifier 


Frequency same as that for (BaSr)TiO; 
Dimension of material 
thickness 0.1 mm 


length 5 mm (=),/2) 
width 5 mm 
Results 


Pumping voltage 
at minimum gain 330 volts/cm 
at 20-db gain 420 volts/cm 
at maximum gain 460 volts/cm 

Pumping power 
at 20-db gain 1.5 watts at peak 

power 

The roughness of surface must be within 
+0.3 mm.?° 

The change in the dielectric constant at 
the pumping frequency and the signal 
frequency must be within 13 per cent.!° 


It is concluded that the new material 
would be suitable for an amplifier. The phys- 
ical size of such material would not be too 
small for fabrication, and precise work will 
not be required. The pumping power would 
be only perhaps one to two watts. 

The author would like to thank Profs. 
S. Silver and T. E. Everhart and Dr. 
N. Kumagai for their useful suggestions and 
helpful discussions. 

YOSHIMASA AOKI 
Osaka City University 
Osaka, Japan 


A Broad-Band Ferrite Reflective 
Switch* 


Several types of reflective ferrite switches 
have recently been described in the litera- 
ture.'? These have typically made use 
either of the Faraday rotation effect or of a 
waveguide cutoff induced by a transversely- 
magnetized ferrite slab. A different and very 
simple type of switch, which exhibits similar 
reflective behavior, may also be obtained 
by the use of a short section of heavily- 
loaded (or filled) coax, stripline, or wave- 
guide. Application of an axial magnetic field 


* Received by the PGMTT, May 5, 1960. 

1 Soohoo, “A ferrite cutoff switch,” IRE 
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, 
yo TE ape: eer eae uly, 1959. 

2G. S. Uebele, igh-speed, ferrite microwave 
switch,” 1957 IRE NaTtionaL CONVENTION RECORD, 
pt. 1, pp. 227-234. 
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of sufficient magnitude can cause the effec- 
tive permeability of the ferrite to approach 
zero and under this condition electromag- 
netic waves are strongly reflected by the 
ferrite, producing a cutoff effect that is rela- 
tively independent of the type of propagat- 
ing structure. This type of device possesses 
the advantages of being small in size and 
broad-band. It requires only a moderate 
magnetic field, whose magnitude can vary 
over a wide range. Furthermore, it may be 
used over much of the UHF and SHF fre- 
quency regions by choosing a ferrite with 
the proper saturation magnetization (47Ms). 

Some typical measured data are shown in 
Figs. 1 and 2 for a short section of shielded 
stripiine filled with Trans-Tech TT 414 
(47M,=600 gauss). This structure does not 
represent an optimized design; rather, it is 
the simplest arrangement. The ferrite pieces 
are rectangular in shape with blunt ends 
(z.e., no tapering or chamfering). The ends 
of the stripline section contain conventional 
(“straight-through”) transitions to type VV 
coaxial connectors. From Figs. 1 and 2 it 
may be seen that an attenuation greater 


‘than 45 db and a VSWR greater than 18 


may be obtained over the frequency region 
from 2000 to 2800 mc if a magnetic field of 
400 oersteds is applied during the OFF 
state. If only narrow-band operation near 
2000 mc is desired, an insertion loss of 40 db 
and a VSWR of 23 may be achieved with a 
field of less than 150 oersteds. The axial 
magnetic field is provided by passing a cur- 
rent through a coil wrapped directly on the 
stripline. Since the structure is extremely 
short and also very small in cross section, 


‘relatively rapid switching is possible, par- 


ticularly if narrow-band operation is per- 
missible. Switching times of the order of ten 
microseconds can be achieved for moderate 
switching powers. 

By using materials with higher satura- 
tion magnetizations, similar characteristics 
may be obtained at higher frequencies. The 
same stripline (23 inches long) filled with a 
ferrite whose 47M, value was 1500 gauss 
gave results at C band comparable to those 
in Figs. 1 and 2. Waveguide heavily loaded 


Correspondence 


FERRITE: 2 
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Fig. 1—Attenuation characteristics of stripline 
ferrite switch at S band. 
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Fig. 2—VSWR characteristics of stripline 
ferrite switch at S band. 


with this same ferrite was investigated as a 
possible configuration for a C-band switch. 
The waveguide was of reduced size (0.17 
inch by 0.9 inch I.D.) and was filled with 
polystyrene to reduce the waveguide cutoff 
frequency well below the operating range of 
5 to 6 kmc. A centrally-located piece of 
ferrite 0.16 inch high and about half as wide 
as the guide gave switching action that was 
nearly comparable to that obtained with the 
stripline; however, about 50 per cent more 
length of ferrite was needed in the waveguide 
configuration. 

It has been shown? that the effective 
permeability of axially-magnetized ferrite 
slabs loading a stripline as shown in Fig. 1 
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is given by 


we — x2 
Melt: =) — 


(1) 


where » and « are the diagonal and off- 
diagonal terms of the well-known permea- 
bility tensor. If the » and « are evaluated in 
terms of the magnetization, 47M, the ap- 
plied field H, the frequency », and the gyro- 
magnetic ratio y, (1) becomes 


py? — y?(H? + 8nMH + 167?M?) 
v2 — 72H (H + 47M) 


At H=0, M is also zero and petrr~1. As H 
increases, 47M—47 M, and both the numera- 
tor and denominator of (2) decrease. The 
numerator, however, decreases faster and 
perp 0 at some higher value of H. These 
Mett=0 points as calculated from (2) (with 
4xrM,=600 gauss and y=2.74 mc/gauss) 
are shown on the experimental curves of 
Bice 2: 

At present, a range of values of 47M, 
from 400 to 5000 gauss and of y from 1.5 
to 3.7 mc/gauss can be obtained from com- 
mercially available ferrites. With an ar- 
bitrary limitation of 800 oersteds on the 
maximum switching field, available ferrites 
limit the usefulness of this type of switch to 
the range from 500 to 11,000 mc. Use of 
fields as high as 1000 oersteds extends the 
upper frequency limit to 12,300 me. 

The authors are indebted to D. A. 
Youngberg and W. F. Janyska for making 
the necessary measurements. 

C. M. JOHNSON 

Emerson Res. Labs. 

Silver Spring, Md. 

Formerly at Electronic 
Communications, Inc. 
Timonium, Md. 

J. C. WILTSE 

Electronic Communications, Inc. 
Timonium, Md. 


Meff = 


(2) 


3C. M. Johnson and G. V. Buehler, “Ferrite 
Phase Shifter for the UHF Region, Part II,” AF 
Cambridge Res. Center, Bedford, Mass., Electronic 
Communications Sci. Rept. No. 2 on Contract AF 
19(604)-2407; October 31, 1959. 
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the assistance given by the firms listed below, and invites application for Institu- 


tional Listing from other firms interested in the Microwave field. 


AIRTRON, INC., A Division of Litton Industries, 200 East Hanover Ave., Morris Plains, N.J. 


Designers and Producers of Complete Line of Microwave Electronic and Aircraft Components 


HUGHES AIRCRAFT CO., Florence and Teale Sts., Culver City, Calif. 


Res., Dev., Mfg.: Radar Systems and Components, Microwave Devices and Components, Antennas, Tubes 


ITT LABORATORIES, 500 Washington Ave., Nutley 10, NJ. 
Line-of-Sight and Over-the-Horizon Microwave Systems; Test Equipment and Components 


LITTON INDUSTRIES, Electron Tube Div., 960 Industrial Rd., San Carlos, Calif. 
Magnetron, Klystrons, Carcinotrons, TWT's, Backward Wave Oscillators, Gas Discharge Tubes, Noise Sources 


MICROWAVE DEVELOPMENT LABS., INC., 92 Broad St., Babson Park 57, Mass. 
Designers, Developers and Producers of Microwave Components and Assemblies, 400 mc to 70 kme 


WHEELER LABORATORIES, INC., Great Neck, N.Y.; Antenna Lab., Smithtown, N.Y. 
Consulting Services, Research & Development, Microwave Antennas & Waveguide Components 


The charge for an Institutional Listing is $50.00 per issue or $210.00 for six con- 
secutive issues. Applications for Institutional Listings and checks (made out to the 
Institute of Radio Engineers) should be sent to Robert A. Rivers, PGMTT Advertis- 
ing Editor, Aircom Inc., 354 Main St., Winthrop 52, Mass. 


NOTICE TO ADVERTISERS 
Effective immediately the IRE TRANSACTIONS ON MICROWAVE 


THEORY AND TECHNIQUES will accept display advertising. For full de- 
tails contact Robert A. Rivers, Advertising Editor, PGMTT TRANSACTIONS, 
Aircom Inc., 354 Main St.,, Winthrop 52, Mass. 
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WHE SIMIVAL SULA 


8,200me to 12,400mc Frequency Range 


Advanced Features: oo 
Include: . 


wf AUTOMATIC GAIN CONTRO 


: “yf punecr READING 
_ FREQUENCY DIALS _ 


“If a man’s work be true and good...challenging comparison will be his strength.” 
David Charles 


The FXR Model X775A X-Band Sweep Signal Source, challenging comparison, is unsurpassed for the 
measurement of VSWR and reflection coefficient. The Model X775A utilizes a permanent magnet BWO 
as the rf source. A unique built-in AGC amplifier produces a flat rf level, with respect to a bolometer 
detector, over the entire swept frequency range. Both ends of the swept frequency range can be accurately 
preset on separate direct reading frequency dials. 


Specifications for the FXR Model X775A: 


e FREQUENCY RANGE: 8,200mc to 12,400mc. 

° SWEEP RATE (RESOLUTION): 300mc/sec to 300kmc/sec, linear with time. 

¢ SWEEP WIDTH: to 4,200mc, direct reading, continuously adjustable. 

* OUTPUT TYPES: cw, square wave modulation (internal 800cps to 1,200cps). 

¢ OUTPUT POWER: 0 to 20mw minimum cw into matched load, continuously 
adjustable. With AGC-detected output flat to +0.5db 
(when used with matched bolometers and directional 
couplers). 


¢ FREQUENCY DIAL ACCURACY: +1% — fixed frequency operation (at specified 
grid voltage). 
+2% — sweep frequency operation. 

¢ OUTPUT CONNECTOR: 1 X 2 waveguide. 

¢ POWER REQUIREMENTS: 115/230V, 50/60cps, 200 watt. 

¢ DIMENSIONS: 127%” high X 21 34," wide X 18” deep. 

¢ WEIGHT: 78 lbs. 


FXR, Inc. 


For more details, mm Design + Manufacture * Development 
25-26 50th STREET 
WOODSIDE 77, N.Y. 


contact your FXR representative. 


Precision Microwave Equipment * High-Power Pulse Modulators * High-Voltage Power Supplies * Electronic Test Equipment 


